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THE CONTROL OF THE WASHBOARD 
PROBLEM IN GRAVEL HIGHWAYS 

by 


Homer J Dana* 


Due to the continued incrcabc in motor vehicle transportation, 
and to the higher average tate of speed at which traffic now moves 
over the highways, the Maintenance Departments of our Highway 
Systems are confronted with increasingly serious and difficult prob- 
lems of maintaining giavel road surfaces One of the most serious of 
these problems is the rapid formation of successions of ndges or 
rhythmic corrugations commonly called washboards whicli are de- 
structive to both roads and vehicles As fast as possible, main traveled 
roads are being paved, and thus the washboard problem for that par- 
ticular road is solved, but for t'very mile of paving being laid down, 
there remain several miles more of gravel feeders, and these also are 
being extended The problem, therefore, iiromises im hopi tor com- 
plete solution by paving, at least for many years 

The most effective method of control of the washboard problem, 
which has been d(\cloi)ed t(» date, has been thioiigh intensive main- 
tenance by blading, and by vulmg the gravel suriace But the cause 
of washboards still remains, and with increasing traffic the road de- 
struction still coiitiniKs because the nuUor vehicles themselves possess 
the characteristics which are reciuired to make washboards Any type 
of road is subject to this destructive force, although not all ot them 
give way to it Where breakdt>wn occurs the vveakt'st places give way 
first. 

The EllKineerin^f Experiment Station wishes to express appreciation to the 
Hon. Samuel J. Humes, Director of the Washington State Highway Department, and 
especially to Mr, Lacey V Murrow, District Engineer at Spokane, for their interest 
and assistance given teward conducting the tests made during the summer of 1930. 



STATE COLLEGE OF WASHINGTON MAKES TESTS 

Beginning in 1925 the Engineering Experiment Station of the State 
College of Washington undertook an active study of the cause of 
washboards with the object in mind to discover if there might not be 
a cure for them by removing or controlling the cause. The first report 
on the work, “Engineering Bulletin No. 19,” was published in 1927. 
This work pointed out the destructive effects of resonance of vibration 
of car axles and wheels and its relation to speed of travel. 

The knowledge gained in the tests thu.s far appeared to justify 
the hope that the formation of washboards could be controlled, if not 
entirely prevented, by control of the functions of the vehicle itself. 

This work revealed the rhythmic or resonant character of the 
forces tending to break down the road surfaces, and indicated the need 
to study the i)()ssibibly of controlling or siiiothenng out the tendency 
of the wheels and axles of the car itself to vibrate vertically Such a 
study was pursued, resulting in tests with a car on a crushed rock 
highway to sec how long it would take to destroy the road surface 
under the following conditions' 

1. Car equipped with high pressure tires 

2 Car equipped with balU>on tires. 

3 The effect of shock absorbers in Nvb 1 and No 2 above 

This resulted in Bulletin No 31, published in January, 1930, in 

which it was showni that: 

1. A car equipped with high pressure tires made “washboards’' 
very rapidly. (50 trips at 40 MPH ) 

2 “Washboards” were formed much more rapidly at 40 MPH than 
at 25 MPH (50 and 110 trii)s respectively.) 

3 The use of a certain type of shock absorber on this vehicle 
very materially delayed the formation of “washboards.” (Ratio ap- 
proximately 2 to 1 ) 

4. The use of balloon tires, either with or without shock absorb- 
ers, prevented the formation of “washboards” on the test road even 
after prolonged travel 

These tests, while ikH yielding conclusive results, gave further 
encouragement to the belief that the formation t>f washboards could 
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be controlled. However, since practically all passenger cars arc bal- 
loon equipped, and only the trucks use high pressure tires, the next 
study was devoted to tests with a truck. During the summer of 1930, 
tests were made on the test highway, using a ton truck. At the 
same time a laboratory study was made of the characteristics aud 
behavior of different types of cars, and of the influence of shock ab- 
sorbers and tire pressure upon their response to rough roads. The 
results of these two studies arc embodied in this, the Third Progress 
Report, Engineering Bulletin No 36 

THE OCCURENCE OF WASHBOARDS 

Washboards occur most frequently in dry gravel or crushed rock 
surfaced highways, although they have also been observed in bitulithic 
concrete roads and in oil-treated gravel roads as well. Washboards 
have not been observed to occur in cement concrete road surfaces 
although the destructive force is always present with traffic on such 
highways 


CAUSE OF WASHBOARDS 

The cause of washboards is present at all times and on all types 
of highway surfaces where there is automobile traffic The cause is 
inherent in the vehicles themselves. 

The body of a car or truck, together with the load, if an\, has the 
greatest w’eight and ineiiia of any part of the vehicle Tests show that 
at customary road speeds, the body c»f the vehicle, due to its great 
mass, moves but very little vertically wdiile traveling horizontally over 
washboarded rcoads For purposes of the following analysis, the body 
of the vehicle may be considered to be comparatively stationary verti- 
cally because of its large mass One end of the car springs are attach-ed 
to this practically stationary body and the other ends are attached to 
the axle and wheel assembly, or what is known as the unsprung 
weight, which latter is also cushioned by the air pressure in the tires. 
This combination of large body mass, flexible spring.s, and the smaller 
mass of axle and wheels cushioned by air-filled tires, traveling at any 
customary speed over a highway constitutes a system very responsive 
to external disturbances and one easily set into periodic vibration 
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MANY THINGS MAY CONTRIBUTE 
TO START WASHBOARDS 

A small obstruction, or uneveness in the road surface, the lurch of 
the car, the vibrations of the engine, or any of a number of different 
circumstances, separately or combined, may cause the wheel and axle 
to jump from the road surface. It may or may not entirely leave 
the road surface, but when it descends, the cushioning of the impact by 
the air pressure in the tire will cause the wheel to bounce again. This 
bouncing will continue until the original energy imparted to the system 
has all been absorbed by friction between the leaves of the springs, 
friction in the tire walls, and shock absorbers if any are used. 

TRAFFIC BREAKS DOWN THE SURFACE 

The wheels of the next car, hitting the same obstruction, or being 
influenced by similar circumstances will repeat the previous perform- 
ance. Thus the impacts of successive tires in nearly the same spots 
will begin to break and loosen the cemented or compacted gravel sur- 
face, and the air currents caused by the moving tires and by the car 
itself will lift part of the loosened binder and fine material and carry 
it away, at the same time shaping the remainder into successive waves 
or corrugations which in turn promote still more and deeper ones 
The loosened coarser material which^Vemains on the surface acts as 
an abrasive between the following tires and the still firmly bound road 
material beneath, thus helping to carry forward the destruction of the 
road. Ultimately much of the coarser loosened material finds its way 
to the edge of the road. In this way either the total destruction of the 
road surface is finally accomplished or frequent blading must be re- 
sorted to with its necessary destructive effect upon the compact maca- 
dam road bed. Because the materials of the untreated crushed rock 
or gravel-surface highway possess the lowest cohesive strength this 
type of road as compared to cement or bitulithic concrete, requires 
the minimum amount of traffic to accomplish its destruction. 

RHYTHMIC VIBRATIONS OF CAR MEMBERS 
CAUSE CORRUGATIONS 

The car or truck therefore contains within itself the ever active 
propensity to destroy the surface over which it travels. 
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Owing to the fact that when disturbed the “unsprung weight” 
in a car tends to vibrate more or less periodically, the breakdown of 
the road surface due to this cause frequently takes on a more or less 
rhythmic character. Hence the terms ^‘rhythmic corrugations,” “rip- 
ples,” “chatter bumps,” or “washboards.” 

THE INFLUENCE OF TIRE PRESSURES 
Tire Pressures and Road Contact Pressures 

The contact pressure per square inch of any loaded tire upon the 
road is equal to the air pressure per square inch within that tire. The 
contact area of a high pressure tire carrying a given load will there- 
fore be considerably less than the contact area for a low pressure tire 
carrying the same load This contact area is very slightly modified 
when in motion, by the resistance and inertia of the tire walls them- 
selves, but in average vehicle tires, these are practically negligible and 
may be ignored. 

An increase of the tire pressure on a given car causes the vibratory 
reactions to appear to be those of a shortened or stiffened spring Tn 
other words, the period of vibration is somewhat decreased with an 
increase of tire pressure On the other hand lowering of the tire 
pressure gives a reaction the same as if the spring had been length- 
ened or made more flexible, and therefore the period of vibration is 
sensibly lengthened I'or example, on the laboratory machine de- 
’'cribcd hereafter, a Chevrolet front axle, equipped with 3K' J^ich tires, 
when vibrating at its natural period was found to vibrate 15 times 
per second with tire pressure at 64 lbs. per square inch, and 13 times 
per second with tire pressure at 50 lbs per square inch 

HIGH PRESSURE VERSUS LOW PRESSURE TIRES 
Table 1 
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In Table 1 is shown the comparison between high pressure and 
low pressure tires on a certain vehicle. It will be assumed that a bump 
in the road is encountered which makes a contact with a tire of approxi- 
mately six square inches in area; and that the vehicle is traveling at 
such a high speed that the wheel is lifted only a negligible amount by 
the obstruction. Then the upward pressure of the block will be 360 lbs, 
or 48% of the total load in the case of the high pressure tire, as 
against 210 lbs or only 28% of the total load in the case of the low 
pressure tire If the bump were as large as the total contact area, the 
shock would be the same for both types of tires. (This is slightly 
modified by the fact that low pressure tires arc larger than high pres- 
sure tires and therefore contain a larger volume of air, which is re- 
duced in volume a smaller percentage by a given hump ) 

It is therefore evident from Tabic 1 that a given small obstruction 
in the road will cause a smaller disturbing reaction to a low pressure 
than to a high pressure tire, with consequently greater passenger com- 
fort. At the same time, the vertical travel, or vibration of the wheel 
and axle will be less and the tire will he less inclined to leave the 
road surface, with consequent decreased destruction thereof 


THE EFFECT OF SHOCI(^ ABSORBERS 

Cars Without Shock Absorber Equipment 

When the wheel of a car, without shock absorbers or snubbers of 
any kind, strikes an obstruction in the road it is free to bounce into 
the air except for its own inertia and the resistiince offered by the 
spring sustaining the body weight As soon as the wheels and axle 
reach the greatest height the weight and inertia of the body, acting 
through the springs, forces the wheel to return to the road surface 
The tendency of the reaction on the body weight, both upon compres- 
sion and recoil of the springs has been to force the load to a higher 
position with reference to the road surface However, when the wheel 
reverses direction of vertical motion and reaches its lowest position 
in its return to the road surface the load, now more or less unsus- 
tained, has commenced to overcome its inertia and has started on its 
downward movement The constant reaction upon the road surface 
will consist of two components The first component will be the 
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weight reaction plus the inertia reaction of tihe load through the 
springs and tires upon the road surface. Ihe i-lecorid component will 
be the weight reaction plus the inertia reaction/ due to the downward 
movement of the unsprung weight The ^nn i of these reactions at 
their maximum will considcTably exceed the tf)tal weight of the car 
at rest. In other words, the weight of the tar is held up by a series 
of cushioned blows against the road instead of a steady pressure. 

From another standpoint, a^^ long as a \l’heel maintains uniform 
contact pressure on the road surface, this c»>mtact pressure will equal 
the weight cd the velnch* and load (.)n a roirfeh road wdiich causes this 
wheel to lease the snrfate intermittently ip total contact pressure 
upon the road surface during the impact nerds to he high enough so 
that the average pressure' over the interval! of contact with the road 
would sustain the weiglil of the lemd elurinjg the entire time elapsing 
during one complete vdiration In other \Nfords, rough roads tend to 
hasten the ir own destructieiii i 

Re ft I ling again te* Table 1, it will he ;n'»ted that .^0 ft Ihs of work 
We re needed to flex the high pressure tiije a gi\cn amount as against 
17 5 ft lbs for the low pressure lire 'If the wheel were prevented 
freim ri'^nig verticall\, all of this ^\ork Ic'ts that re])rcsenteei by friction 
in the tire walls would he returneel as ah? tire left the bump. How- 
c\er, in actual T)tactic« , a eertain ainonni of e nergv is stored by lifting 
the wheels and compressing the hod\ sphangs When one-way type 
sh<H'k abst^rhei's, or smihhers, are used tiny are I'fFcctive in absorbing 
this energy iipr)n lecoil only of the spifiiigs Two-way type shock ab- 
sorbers dissipate this energy partly on c omiiression and jiartly on 
recoil of the springs The result in ei’hvr case is that, instead of per- 
mitting this stored enery to expend itself m a large succession of 
vibration.s, it is quickly ahsm'hed and the whec'l is kept in more nearly 
continuous contact with the road surface It is readily apparent that 
if continuously uniform tire contact v/itli the road surface can be 
maintained, the cause of washboards will he eliminated and mainten- 
ance costs will he reduced to an amount only sufficient to restore the 
road material carried awav by dust or thrown t<^ the roadside by air 
suction of passing tires 

Briefly then, low jiressiire tires gj'eatly t educe the size and vio- 
lence of the vertical reactions caused by small humps in the road 



surface Furthermore^ 
quickly dissipate the < 
help to maintain more ^ 
with the road surface | 
snubbers or shock absc 
vibrations Avhich, if nm 
pations to form adjacct 
surface 


. snubbers and shock absorbers tend to more 
nei^^y imparted by road impacts, and therefore 
nrarly uniform and less destructive tire contact 
Roth reduced tire pressure and the use of 
rbers tend to smother successive, or resonant 
heeked. cause lonp series of rhythmic corru- 
to sinple bumps or depressions in the road 


TWO PHASES • iF PROBLEMS STUDIED IN 1930 


The work on washb,'^ 
divided into two parts 
Chevrolet truck was opei 
before near Spokane, Was 
which showed the relation 
to corrupate the highway 
In addition to the 
characteristics of many J 
supplementary to the 
later in this report Di V 


ard control as carried on diirinp 1930 was 
hiring the dry summer months, a 1]/^ ton 
ted on the same test track used the year 
inpton From these tests data were secured 
:>etween load, speed, and the time recpiired 

tests, a laboratory study was made of the 
rent makes of cars This information is 
i the hiphw'ay, and will he fully discussed 
on of the highway h sts follow^s 


TRUCK MAKES ^ V >HBOARDS ON TEST TRACK 

The test track consi^pVe section of highway 1 4 miles long, 

practically le\el and ncarl ght throughout its length vSt'c Figuri’ 1. 



Fipiire I The test highway wa-. o nid four tenths niilos long arni was divided 
into five different sections cm c which a certain spiked w'as always main- 
tained dining the tests interNaJs between sections reserved for 

accelerating and decelerating 


The road >vas surfaced se\ ] years ago with fine gravel screened 
from a glacial deposit The b. js hard and w’cll cemented and was 
planed smooth with a grader . Figure 2 


The two 
evenly over 


inches of fine n v rial 
the surface by mcaTV 


left hy the grader 


a drag. Figure 3 A final treatment 
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was given the surface by means of a weighted smoothing drag, Figure 
4, whicfi left the track smootli and entirely free from drag ripples 



Figure !l Tho woiKhtod dra^ iisod to sproud tho loose inateiiHl ovenK 
ON or the test road. ]>rior to starting u tionv test 


The test was then started by dri\ing the V /2 tun truck, Figure 5, 
back and fortli over tJie test road at the speeds indicated in each of 
the different sections, h'lgiire 1 The drnei was trained to watch for the 
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first indication of washboards, and to make a note thereof in the log, 
and to record the speedometer reading and the place of occurence. 
From time to time further changes on the rc^ad surface were noted, 
together with the speedometer reading, so that each event could be 
identified in terms of trips over the road. The traffic in both direc- 
tions Avas concentrated on one track. 



Pipure 4 A weiphted sjnootli drMtr 

used to give a iinal Kinoothinp treat- 
ment to the loose pravel surfacr Im 
fore a t«*st >\aH started 



Figure 6. The one and one-half ton truck used in the 1930 tests. The 
special body plus a load of loose rock totaled approximately 1500 lbs. 
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1930 TEST DATA 


In Table 2 are shown the data in chronological order as secured 
from the nine different tests made with the truck/ In Table 3 are 
shown the averages derived from the data in Table 2. 


Table 2. Truck Test Data 


Test 


Shock 

1 Tire 

Trips to Makt 

Washboards | 

Total 

No. 

Loading 

Absorbers 

jPressureR 

40 MPH 

35 mph! 

30 MPH 

25 MPHl 

Test 

Trips 

1 

15001b 

None 

80 

40 

: 

83 1 

100 

163 

246 

2 

None 

None 

! 80 

30 

121 1 

121 

151 

258 

3 

None 

None 

' 80 

20 

108 ! 

190 


203 

4 

None 

None 

80 

48 

63 i 

63 

203 

211 

5 

ISOOlt) 

' N(jne 

' 80 

42 

130 i 

94 

178 1 

184 

6 

N(tne 

! One-way 

80 

138 ' 

250 : 

205 

270 1 

387 

7 

15001b 

( )nc-way 

80 

S4 ; 

94 ; 

336 

470 1 

560 

8 

ISOOtb 

Tw o-way 

: 80 

66 

173 ; 

215 

1 644 i 

896 

g 

ISOOtb 

Two-way 

05 

No change in 

road surface 

660 


Table 3. Average Results of Tests 


I Shoolv 

Loadini^ | Absorberi 


j Tire 
j Prt*s- 
j Mires 


Av Trips to Make Washboards L_ , im . ^ 

;Niimberj Total Test 

140 MPh| 35 MPH30 MPT1|25 MPTlj®^ 

I i I ! T~ ■ ) ‘ 


None 

None 

80 

! 36 1 

I 1 

125 

i 177 

3 

1 672 

15001b 

None 

80 

1 -^1 i 

111 

97 

! 170 

2 

; 430 

None 

One-way , 

80 

1 138 ! 

250 

205 

270 

1 

1 387 

15001b 

One-way i 

80 

i 1 

94 

336 

470 

1 

560 

15001b 

Two-way ' 

80 

1 60 1 

173 

215 

644 

1 1 

896 

15001b 

Two-way 

6=; 

1 No change in road surface 

1 for better or for worse 

1 1 

1 

660 


DISCUSSION OF TEST DATA 

An inspection of Table 3 will reveal that the addition of 1500 Ibs. 
load on the 3200 lb. truck seemed to make no marked difference in 
its destruction of the road surface. This may be due to the fact that 
the percentage increase in total weight due to the addition of the 1500 
lb. load was of less significance than the relatively high tire pressure 
as regards destructive effect upon the road surface It will be under- 

1 Weight of truck without load — 8200 lbs. 
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stood that reliable and conclusive relative averages should be based 
upon a very large number of tests, but time and equipment did not 
permit of more tests being made. 

The two types of shock absorbers used appeared not to exert 
any high percentage of influence in the control of washboards at the 
higher speeds. However, there is a marked delay apparent at low 
speeds of 25 and 30 MPH. Time did not permit making tests with 
other types of shock absorbers or at different adjustments of the shock 
absorbers used. It is quite possible that the shock absorbers used may 
not have been operated at their optimum adjustment for this particular 
vehicle 

However, the most significant thing to be noted from Table 3 lies 
in the last item listed At the conclusion of the previous test, when the 
road had been badly wa^-bboarded in spots, and the track was well 
worn throughout its length, the tire pressure was* reduced to 65 lbs 
Other conditions remained the same, and without rebuilding the road 
the test was continued While definite progress from hour to hour 
could be noted in the destruction of the road surface during the 
previous test, with reduced tire pressure, all further destruction ap- 
peared to have been halted. Continued traffic neither improved the 
condition of the track nor made it worse — in other words, the destruc- 
tive forces appeared to be under complete control. This agrees with 
the evidence obtained in ])rovious tests 'with passengei ears on the 
same test highway, which showed that in no case was it possible to 
produce washboards with balloon tires See Rnlletins No 10 and No 
31 


LABORATORY STUDY OF AUTOMOBILE 
CHARACTERISTICS 

In order to understand how best to control the w^ashboard-making 
tendencies of automobiles it is necessary to be familiar with the per- 
formance of their various parts while in the act of making washboards 
A limited study can he made of a car on the highway — hut this has 
the disadvantage that no one set of conditions can he maintained on 
the highway for a suitable length of time. 
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LABORATORY MACHINE NEEDED FOR STUDY 

For this purpose a laboratory machine was needed, with which a 
car could be operated continuously under a ^Mven set of conditions 
For instance, the car should be operated as if it wore traveling at 
some given speed over some uniformly spaced washboards of a certain 
uniform depth. Under these conditions, a study could be made of the 
effect of varying tire pressure, and the influence of load, and the con- 
trol of shock absorbers, etc. Such a machine was constructed and 
studies made of a large number of cars of different makes and sizes. 
Figure 6 illustrates the principle of this machine and the manner in 
which it operates to vibrate one end of a car at a time as if it were 
traveling over perfectly spaced washboards of a uniform depth 



h A liiK* (lra^Mrln of rlu* labornioiv inaclii»u* lotincd a ‘ ’ ’ tor 

studying: i haractfristicfv of (jo's tiastdinjc ovrr ruuKb roads Not«* Umt 

tht» ‘‘dopth'' of tlu* A\as»hlioard is no%«-tn<'d the distunco of tin* w fioiu 

flu* pM ot of thi* iiia<‘hin<‘ ftain«* 


CONVERTING MACHINE REVOLUTIONS TO EQUIVALENT 

WASHBOARDS 

The a\eragc length of washboards from crest to crest, as repre- 
sented by the average of a large number eff measurements made on 
different highways throughout the states of Wasliington and Idaho, 
is twenty-nine inches. A car tiavcling, for instance, at 30 MPH, will 
jiass oxer 1092 average length washboards each minute. Therefore, in 
Figure 6, if the crank shaft is rotating at 1092 RPM, the car will be 
vibrated at the same speed as if it were traveling at 30 MPH over an 
average washboard highway. On the machine, however, the effect 
of the lurch of the car, of engine vibration, etc , are eliminated and 
a study can be made of any chosen set of conditions 
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METHOD OF MAKING RECORDS ON 
LABORATORY MACHINE 

In the following pages are given representative illustrations of 
lecords taken from different cars. A record paper with uniformly 
parrallel lines which are used to represent intervals on the speed axis 
of the record, is mounted on the record drum. Then the motor is 
started, and while the machine is vitirating at some speed, say the 
equivalent of ton miles per hour, the record drum is turned by hand 
until the ten mile line on the record is under the pencil The latter is 
then pressed lightly against the record and will mark a line of some 
certain length The speed is then increased to a slightly higher value, 
and another line made at the corresponding speed on the chart When 
the entire speed range has been covered, the chart will consist of a 
senes of different length lines To complete the chart, an envelope is 
then drawn by hand through the ends of all the lines as shown in 
Figures 7 to 20, inclusive To show the relative amplitude, or depth 
of the washboards, the crank shaft is rotated by hand to place the 
hinged frame member at its highest po'^ition. With a car on the 
machine, and a wire attached to the axle and connecting to the re- 
cording pencil, the latter will take a position indicating the extreme 
top of the washboards In this position the record drum is rotated 
and a line drawn on the record The same is done with the crank shaft 
rotated to its lowest position 

SIGNIFICANCE OF RECORDS 

Refer to Figure 9 and note the performance of the front axle of 
the car in questiem, a Chevrolet cc^ach having no shock absorbers, and 
with tires pumped up to 60 lbs per square inch, when traveling over 
perfectly spaced washboards only 5/32" deep At about 4 MPH, the 
resonant period of the body is controlling the situation At 10 MPH 
the axle movement has become reduced to a distance less than the 
depth of the washboards being traveled over However, at 22 MPH, 
the resonant period of the unsprung weight is reached, and the axle 
vibrates with an amplitude several times greater than the depth of the 
washboand. At 30 MPH, the amplitude has been materially reduced, 
although it still is greater than the depth of the washboard. Thb 
limitations of the machine used for this work prevented operation at 
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Figures 7 to 10 inclusive 
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Pigur«p 11 to 14 inclusive 
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AXLE VIBRATION iaiPLITUDE IN INCHES 



Figures 15 to 20 inclusive 
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higher speeds than those shown. Iniprovenients arc contemplated, 
however, which will permit studies at much higher speeds. 

As a contrast, note the measure (»f C()ntrol evidenced in Figure 7. 
Without a doubt, at resonant sjjeed, the destructive effect of this 
condition iij)on the road surface is much less than in the case of Figure 
9 Incidentally, passenger comfort probably would be much greater 
also. The effect of lowered tire pressures will be noted in Figures 8 
and 10. 

In Figures 11 to 14 inclusive, is shown the measure of control 
afforded by a one-way sluu'k absorber of the snubber type No par- 
ticular significance sboiild be attached to the shape of the curves at 
4 to 5 MPH since that is a speed below normal operation. The charts 
were completed to the zero point because that offered a definite termi- 
nus. In Figures 11 and 13 the axles of the Buick coupe under test 
are uncontrolled and, at the speeds of 2.S MPH and higher, over wash- 
boards 5/32" deep oscillate with an amplitude no greater than when 
controlled by one-way shock absorbers of the snubber type. See Fig- 
ures 12 and 14 Therefore, at the normal driving speeds of 25 MPH 
and higher over washboards 5/32" deep scarcely any apparent 
benefit accrues fiom the use of shock absorbers >on this balloon tire 
equipped car. However, at the speed of resonance for cither axle 
the shock absorbers exercise a decidedly restraining influence. At the 
higher speeds over deep(‘r washboards, tests show that shock absorb- 
ers do exercise a certain measure of control over axle vibrations 

Figures 15 to 20, inclusive, show the characteristics of a Chevrolet 
1^2 ton truck carrying a load of 1500 lbs The normal air iiressure in 
the tiros for full load was 80 lbs In Figures 17 and 20 the two axles 
were vibrating under the restraint of two-way shock absorbers having 
equal reactions both for compression and recoil. At a highway speed 
of 30 MPPI it is apparent that the front axle was more active than the 
rear and at the reduced air pressure of 65 lbs , the same condition 
obtains as shown in Figures 15 and 18. Shock absorbers on the rear 
axle of this car make comparatively little change in amplitude of vi- 
bration, while for the front axle a marked change in performance is 
noted at certain speeds. At the road speed of 30 MPH however, but 
very little restraint resulted from shock absorbers when traveling over 
5/32" washboards. 
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In Figure 21 is shown a study of the behavior of a light car using 
high pressure tires. The curves were determined from the maximum 
amplitude of vibration at the resonant period of each axle at each 
tire pressure indicated. The use of hydraulic shock absorbers on this 
car shows a large percentage of control, with the rear axle the more 
active in road destruction. If amplitude of vertical vibration can be 
effectively smothered, then w^ashboards will be prevented from forming 



^0 36 40 46 60 55 GO 

TIRf. PRESSURE IN LBS. PER SQ- IN. 


Fipiur ‘J1 .M(k 1(>J T Ford touriiif; car e<iuipi)cd A\ilh HO \ .P/j i)tcssutt* tirc^ 

t>pc car "Nvas uMiall\ driven without .shock absm l)cr equipment Note 
the relation between llie depth of the washboards, namely, and th<^' 

amplitude of vibration of the uncontrolled a.vles. On deeper washboards 
these tires would undoubtedly leave the road surfat e frequently TheN4‘ curve.s 
Avere made at the ‘ resonant" speed of each e\le at the tire pressure 
indicated. 

In Figure 22, it is evident that the front axle is more active than 
the rear but the difference between the two is imt so great as in the 
case of Figure 21. The “natural period” of vihiation of the front and 
the rear axles of this car at 34 lbs. air pressure and with shock ab- 
sorber*- tjccurs at 1^5 and 16 7 MPH respectively. 
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Figure 22. The anix>litude of axle vibnition in inches uas tuke^n at the resonant 
speed, which eorresjionds to approximately 20 MPH foi the front axle and 
17 MPH for the real* axle when traveling over 29" washboards, 150" deep 
The tires are balloons, si/e 30 x 4 50 

In a heavier car, the inertia of the body can be* utilised to a greatcM* 
degree to control axle vibration. Figure 23 shows the control realized 
from the use of shock absorbers, the percentage being much larger 
than in the case of either of the preceding lighter ears It will be noted 
that the percentage control on the front axle is also considerably 
greater than on the rear axle 

In Figure 24 is shown the comparative control afforded by a hy- 
draulic shock absorber at the different settings from “closed” to vir- 
tually ‘^wide open.” 

It IS recognized that the consideration given in the past by the 
public to shock absorb(‘rs of any kind was on the basis of improving 
the riding and driving qualities of the vehicle itself. Fortunately, it 
appears that the use of shock absorbers has a more or Ic.ss beneficial 
effect toward the ‘^upp^(^ssion of the washboard-making tendencies 
of the car and that the greater the damping action of the shock ab- 
sorber, the more effective is it in suppressing washboards. 
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Briefly then, tests have indicated that to prevent washboards, it 
is necessary to restrain the vertical vibration of the axle to a minimum. 
This means that the tire itself must be compelled to absorb the major 
part of the road surface roughness. This, in turn, would suggest the 
question as to the importance of tire size as related to load and tire 
pressure The larger the tire section the lower may be the tire pres- 
sure and the greater will be its shock absorbing capacity for a given 
load. Bxtreme tire sizes, on this basis, of course are not economically 
advisable, or mechanically desirable. 
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TIRE PRESSURE IN LBS. PER SQ. IN. 

Fijruro 23. This show.s the control exercisod by a hydraulic type shock absorber 
over the vibration of the axlet» of a sedan car Avhen traveling at resonant 
speed over 29" washboards .1.56" deep. Tires — 19 x 6 00; normal tire pres- 
sure 36 lbs. This car has two-way hydraulic shock absorbers as standard 
equipment. Note depth of wa.shboards as indicated by broken line at am- 
plitude of .166. 







SaOCK ABSORBER SETTXNO BI OSE-BXGHTHS 


F»f:uro 24 Thp (‘xtent t(» which a hydraulic type shock absorber can control the 
axle vibration of a <ar A^hen driven at ‘resonant’’ speed over 2ft" washboards 
1.56" deep 


CONCLUSIONS 

The tests thus far have yielded the following information: 

1. Trucks and passenger cars, equipped with high presurc tires 
will readily make w^ashboards in gravel or crushed rock highways. 

2. Increasing the sjieed of travel greatly accelerates the formation 
of washboards. 

3 Shock absorbers, in so far as tests have showm, do affortl a 
certain limited degree tif beneficial control over high pressure tires 
to delay the formation of w^a.shboards, but they do not prevent their 
ultimate appearance 

4. Balloon tires, on a light i)assengcr car, were shown by tests to 
be effective in preventing the formation of washboards on an initially 
.smooth gravel road 

5. Reduced tire jircsurc, together with two-way shock absorber 
control on a truck, definitely halted the destruction of a road which 
was being badly washboarded by the same truck with high pressure 
tires. 
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VALUE AND NECESSITY OF ADDITIONAL STUDIES 

Inasmuch as the normal speed of traffic over gravel and crushed 
rock highways is at 40 MPH and better, the limitations of the labora- 
tory machine, or “jigger,” has prevented the studies being extended 
to cover the present day customary rate of travel. These studies will 
be extended at the earliest possible date. 

Study of the washboard problem has shown conclusively that 
certain characteristics of pneumatic tired vehicles are responsible for 
making washboards; that speed and high pressure tires are favorable 
toward increasing that ability; that shock absorbers oppose this pro- 
pensity; and that low pressure tires do pre\ c*nt the formation of 
washboards 

However, some of the questions still unanswert'd, arc: 

1 What IS the Inchest tire pressure pet unssiblf, and still kt'ep 
the vehicle from making washboards^ 

2 What, if any, is tlu' relatitmsbip between tire size and its wash* 
board making tendency" 

3 Is there some type of shock absorber winch w^jiild be more 
effective in the prevention of washboards^ 

4 Is there a maximum load limit beyond wdneh it is impi^ssible 
to prevent the formation of w’ushboards 

5 What is the relative dcsimctivencss of trucks and stages as 
compared to private passenger cars’ 

6 To what extent can the w^ashboard-makmg tendencies of a car 
or truck be contrcdled at the higher speeils now common on the high- 
ways — sav iij) to bOMPH*" 

STATE COLLEGE OF WASHINGTON TO CONTINUE TESTS 

As rapidly as time and finances wall permit, the I’ngineering Ex- 
periment Station of the State College of Washington proposes to 
carry the study of the Washboard Problem to a definite conclusion. 
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Engineering Bulletins 

Published by the Engineering Experiment Station 
State College of Washington 

1. Sewage Disposal for the Country Home. (Out of Print.) 

By O. L. Waller and M. K. Snyder, March, 1914, July, 1916. 

2 How to Measure Water. 

By O. L. Waller, October, 1915, Reprint 1925 (Revised and Re- 
printed as part of Engineering Bulletin No. 20.) 

3. Water Supply for the Country Home. (Out of Print.) 

By M. K. Snyder See Engineering Bui. No’s. 9, 10, and 11. 

4, Construction and Maintenance of Earth Roads. 

By L. V. Edwards, April, 1916. 

5 Cost of Pumping Water. Reprinted as Extension Bulletin No. 103 
By O. L. Waller, August, 1916. 

6 Fuel Economy in Domestic Heating and Cooking. 

By B. L. Steele, December, 1917. 

7. Thawing Frozen Water Pipes Electrically. 

By H. J. Dana. October, 1921. 

8 Use of Ropes and Tackle, Illustrated 

By H J. liana and W. A. Pearl, December, 1921 

8 Well and Spring Protection. 

By M. K, Snyder, July, 1922. 

10. Water Purification for the Country Home. 

By M. K. Snyder, February, 1922. 

11. Farm Water Systems. 

By M. K Snyder and H J. Dana, January, 1923. 

12 Commercial and ICconomic EfTicieny of Commercial Pipe 
Coverings. By H. J. Dana, 1923. 

13 Critical Velocity of Steam With Counter-Flowing Condensate. 
By W. A Pearl and Eri. B. Parker, February, 1923. 

14. The Use of Power Fans for Night Cooling of Common Storage 
Houses. H J. Dana, December, 1923. 

15 A New Stationary Type Laboratory Meter. 

By H. V. Carpenter and H. J. Dana, September, 1924. 

16. Relation of Road Surface to Automobile Tire Wear. First Pro- 
gres.s Report By H. V. Carpenter and H. J. Dana, January, 15(24. 

17. Relation of Road Surface to Automobile Tire Wear. Second Pro- 
gress Report By H. J. Dana, December, 1925. 

18. Relation of Road vSurface to Automobile Tire Wear. Third Pro- 
gress Report. By H. J. Dana, October, 1926. 

19. Rhythmic Corrugations in Highways. First Progress Report. 

By H. V. Carpenter and H. J. Dana, February, 1927. 

20 How to Measure and Use Water for Irrigation. 

By O. L. Waller, March, 1927. 

21. Magnetic Nail Picker for Highways. 

By H. J. Dana, August, 1927. 
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22. Spray Residue and 1th Removal From Apples. 

By F. D. Ileald, J R. Ncller and F. L Overley of the Agricul-. 
tur.>l Experiment Station in Cooperation with H J. Dana. 

23. Survey ojr Fruit Packing Plants ($2 00 each) 
liy H J. Dana, December, 1027 

24. Survey of Fruit Cold Storage Plants. (Out of Print ) 

By H J. Dana, March, 1028 

2.S An Extensometer and Coin^>ress«">iiieter of the Hydro static Type 
By H H. Langdon, October, 1Q28 

26. A Survey of Fruit and Cold Stoiage Plants m Central Washington 
By H J Dana, December, 1928 

27. The Automatic llnderlced Coal St<^ker for Domestic Heating. 
l^»y Homer J. l>ana, April, 1929 Second FMition, October, 1929 

28. lmi)ortance of Pieliminary Ore yXnalysis by Means of the Stcro- 
scopic Binocular Microscope By Arthur 1C 1 )rucker, April, 1929 

29 Short Wave Tranhinitter Design 

By David H vSloan, September, 1929. 25c postj>aid 

30 The Elasticity of Concrete 

By Howard H Langdon, lanuaiy, 1930 

31. Rhythmic Coiniuations m Highways vSecond Progress Rei>ort 
P)y Homer J Dana, JannaTy 1930 

32 The bbononucal Distribution <»{ Steam in District Heating 
Bv \ C Abell, lA'brnaM, 1930 

33 \pplieation of Stellite to Agiieullural Tools First Progress 
Report By G 1C 'riiornton and C C Johnson, September, 1929 

34 A vStiul\ of Welded Aletals Under Fatigue Tests. 

By Ur F Thornton, Xjiril, 19v^0 

35 IClectro-llydrometallurgical Process For (2upper Flotatnm Con- 
eentrati I’y Arthur 1C Drueker and Carl F h^loe, April 19vl0 

30 Rliytliiuu Corrugations in Higluvays Third Progress Report 
Bv Vlomer J Dana, December, 1930 
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A METHOD OF COMPILING APPROXIMATE 
MINING COST DATA 

by 

r,uy K Ttl^^Tsoll 

In <.)rclcr to bt'vt their pm post*, ininin}^^ co^ts should be 

avrulahle sexui after the woi k which they cetver lias been done, and 
at frequent inter\aK If at any time the costs ed a particular e»pera- 
tion are hij^h, this should be kn<»un at (Uice in ordiu* to determine 
the reason, and te» ((»rrect it, if pe)'^sible, before a larec loss otcurs. 
In many ore bodies the metal (ontent varies j^radually and there is 
no sharp distinction between ore and waste k'or a j^dven mininj^ cost 
a certain ^rade of material can be mine-d at a t^rofit and wdl be* ron- 
^lelered ore H the eot^t «>f minine!: this ean be* decreaseel a lower p:rade 
of mate'nal can be* mine el as ore If the oHieial in eharpje of a mininp: 
proi)e*rt> is kept advised at frf*e|uent intervals of the costs in the* various 
working places, the distinetiou betw’een ore and waste can be ac- 
curately maintaineel 'I'he pre)]>eitv' as a whole* may he ope*ratin^ at a 
jirolit but if a eeTtain ore beielv is be*in^ mined at a loss this shemld 
])c known anel correct eel at once The ehtTcrente be'tw'een success and 
failure of a mining propertv may dei>eiid upon a close watch of the 
costs eif the various e)t)eratifms. 

The c<ist t)f o])! ration of a mining property is maele up of three 
eleunents: labetr, supi)lie“s, and “e*>kpenses ’ The* laboi costs may be* 
e)btained from the* ]>a>re>ll, the c'ost of sup[)lie‘s freun the various opera- 
tions may be* obtameel fnuii the wai chouse* records; and e*\.i>e*nscs 
may include such items as ])owe*r, slnips, laboratory, liability insurance, 
and toed sharpening 

If these data were ce.lleeteel at frequent intervals such as four times 
a month, the figures for the first three periods would prediably be 
approximate and aeljustment could be made when the* feiurth period 
cc'sts were.* obtaine*d with the figures feir the entire^ men, h I he cost 
to the accounting department of compiling the cost sheets feuir times 
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a iiiotilh, instead of once* a month, is to be considered. T^xperience 
has siiouii, ho\vi‘\eT, that the advantages gained by this extra work 
more than pays for the extra clerical work 

In order to have a basis for comparison of the costs from period 
tt) period, the aveiMj^e cost, for each operation, o\ er the pre\iems six 
months' period may be shown under the heading of “Averai^e Period" 

The data for this paper were fnrnislied by an official of a large 
mining toinpany The wn'itcr is not at libertv to disclose the ideiitilv 
of the ofluial oi tlu‘ c.omt>an>, but wishes to e\i)ress liere Ins apiirc* 
ciation for the courtesy The writer also wishes to acknowlc'dge his 
thanks for the hel])iul suggestions of Professor C R Ham, of the 
Department of lUisiness Administration of Washington State' College 

This method ot apiiroximate cost accounting can be^t be ex|)lained 
by illustrating its use' at an imaginary mining pia>pc‘rty, which we 
shall call “The Hypothetical Aline,” openated by the Hypothetical 
Alining Comiiany. A concentrating iilant is ojic rated on the property 
and the concentrates are trans])orled by an aerial tramway to the 
nearest railroad shipiiing iioiiit ^ 

Table 1. Hypothetical Mining Company. Approximate Cost Data. 

Aline ( Iperatmg — Prcaktng (iroiind “A” ( )re l)ody 
Period: I'eb 1 to 8, 1930 Date: Peb 14, 1030 

^ Tol.il Moiu'V { (N).sr ptM Ton (Taide Ore 

I I 


( >i)eM alions | 


1 

1 

A\e*iag<' I 
I’ellod 

I’enod 1 

< j 
foi Month 1 

1 1 

A\e*rag<' 

J *e*i loel 

j 

1’t‘iiod 

1 ("unuila 

1 live foi 
!_ Month 

1 

Labpr 

4S1901 

3003.81 ' 

j 3003 81 ' 

.9856 * 

.4092 

.4092 

Supplies 

2425.7(5 1 

1889 39 

1889.39 1 

.4961 

.2574 

.2574 

Expenses 

1789 52 

1 2662 47 

1 2662.47 

.3660 

.3628 

.3628 

Total 

90.31.32 

7555.67 

75.55.67 

1.8477 

1.029 4 

1 .0294 

Developmt 

Total 

I 2161.64 

1 23’27 98 

2327.98 

.4427 

.3171 

.3171 

(Uist 

Tons Ore i 

1 11198.96 

9883 65 

9X83.65 

2.2904 

1.3465 

1 .3465 

Broken 

4cS90.()0 

7340.00 

7340.00 
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The operations at this porperty may be classified under the fol- 
lowing headings: “Breaking ground,” Producing ore,” “Milling ore,” 
and “Tramming concentrates.” 

There are three ore bodies being mined at this property which 
we shall designate as “A” ore body, “B” ore body,” and “C” ore body. 
Costs are kept separately on these three ore bodies 


Table 2. Hypothetical Mining Company. Approximate Cost Data. 

Mine Operating — Breaking Ground “B“ Ore Body 
Period: Peb. 1 to 8, 1030 Date: Feb 14, 1930 



Tt)tal Money 


Cost per Ton Crude Ore 

Oporation.s 

Average 

l*eriod 

T *eri<)(i 

Cumulative 
for Month 

Average 

Period 

Period 

Cumula- 
tive for 
M( mth 

Labor 


922.71 

922.71 


.4773 

.4773 

Supplies 


428.S1 

428 81 


.2218 

.2218 

Expenses 

i 679 05 

679.05 


.3513 

.3513 

Total i 

j 2030.57 

2030.57 

i 

1.0504 

1.0504 

Developm’t 

- 3007.61 

3007.61 

1 1 

1 5560 

1 5560 

Total (/Ost 

Tons Ort^ 

I 5038 18 

i 

5038.18 

! 


2.6064 

2.6064 

Broken 

; 1933 00 

1933 00 





Table 3. Hypothetical Mining Company. Approximate Cost Data. 


!Mine Operating — Breaking (iroiind. “C” Ore Body 


Period: b'e 

b 1 tu 8, 

1930 


Date: Feb 

14, 1«^,1() 



Total Money 

i 

1 Cost per Ton Crude Ore 

1 

Operatlon.s 





1 (Cumula- 


Average 1 


(Cumulative , 

Average 




l*(‘riod I 

; l^eriod 

for Month 

J’eriod 

Period 

! live for 



1 


_ 

- - 

Mon^ 

Labor 


I 819.85 

819 85 


.2523 

.2523 

Supplies 


1 501.46 

501.46 


.1543 

.1543 

Expenses 


559.17 

559.17 


.1720 

.1720 

Total 


1880 48 

1880.48 


.5786 

,5786 

Developmt 


1007.53 

1007.53 


.3100 1 

.3100 

Total Cost 


2888.01 

2888.01 


.8886 

.8886 

Tons Ore 







Broken 


3260.00 

3250.00 
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Tables 1, 2, and 3 show the costs of Labor, Supplies, and Ex- 
penses “Labor” includes the wages of all men actually working in the 
stopes of this ore body as well as the proportion of wages or salaries 
chargeable to the operation, such as superintendent, foreman, engi- 
neers, blacksmiths, mine clerks, etc. 

“Supplies” includes the cost of all supplies issued for use in the 
operation, together with the proper proportion of the costs of other 
supplies used, which should be charged to it. 

“Expenses” includes the costs of electric power, compressor plant, 
shops, laboratory, trucking, liability insurance, drills and equipment, 
and tool sharpening. 

Under the headings “Total Money” and “Cost per ton of crude 
ore” figures are showm for “Average T’eriod” Tins gives tin average 
cost for a period during the previous six months “Cumulative for 
Month” is the total amount for the month of any item which in Table 
1 is the same as for the pi'riod inasmuch as it is the first piu-iod m the 
month, but in Table \ it will be the sum of tlu‘ costs for that piTiod 
and the previous periods of the month Thus ip Table 1 the labor 
cost for the period was $3003 81 and the average labor cost txT piTiod 
during the previous six months w^as $4819 04 Th(‘ tonnage^ of ore 


Table 4. Hypothetical Mining Company. Approximate Cost Data. 

Afinc f.)perating — Producing Clrc “A” Tire Body 
Period: Feb 1 to 8, 1930 Date: Feb 14, 1930 


C)pe ration.®! | 

Average 

Period 

Labor 3131.S7 

Supplies 308.85 

Expenses 598.00 

Total 4038,72 

Tons Ore 

Produced 5846.00 

Net Tons 

to Mill 5846.00 


I 

Total Monoy | 

1 

Cumulative 
I’eriod for Month 

I i 

3836 48 I 3836.48 
244.49 244.49 

873.24 873.24 

4954.21 4954.21 

8772.00 8772.00 

8772.00 8772.00 


(^ost pt‘r q'f>ri Crude Ore 

verage Cuinula- 

Period Period live foi* 
Month 

I 

.5357 .4374 .4374 

0526 0279 .0279 

.1023 .0995 .0995 

.6908 .5648 .5648 
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broken for the period was 7,340 and for the a\cra^^e period it was 4,890 
tons This gives a labor c(jst of $0.4092 per ton for the period and for the 
average period the labor cost per ton was $0 9856 

The “Cost per Ton of Crude Ore” is obtained by dividing the 
total money for any item or items by the number of tons broken for 
the period. 


Table 5. Hypothetical Mining Company. Approximate Cost Data. 

Mine Operating — Producing ( )re “H” Ore Body 
Period: Feb 1 to 8, 1930 Date: Ftb 14, 1930 


L 

Tot.il Money 


1 

Cost per Ton (Tiude Oi e 

< >l)«*l XlKUl.S j 

1 Average 

1 

1 

i 1 

1 tN'riod 1 

i 1 

CurnuUtn e 
t<ji Month 

Average 

J ‘eo lod 

i'eraxl 

(Cumula- 
tive for 
Month 

Labor j 

816 70 i 

SI 6 70 


3461 

3461 

Supplies j 

, 1 



.0000 

.0000 

Expenses 

, 177 21 1 

177.21 


.0751 

0751 

Total ; 

Tons Ore , 

i [m lu 1 

1 1 

, 1 

093.01 

1 

.4212 

.4212 

IM’odueed j 

Net Tons j 

j 23«().00 . 

1 1 

2360.00 




1 0 Mill j 

1 23GU.00 j 

2360.00 1 

_ 




Table 6. Hypothetical Mining Company. Approximate Cost Data. 

Aline ( >t)i’rating — JVt)diuing Ore “C” ( )re Ibxly 
Period: I*(b 1 to 8, 1930 Date: Feb 14, 1930 

‘ r~ ” ' “ ^ 



1 

Total Money 


j Cost pi 

' 1 * Ton (Cruile Ore 

Oliertitnui.s 

1 

1 Average 1 
Period 1 

! 

1 ^ 
i tViiod 

1 

1 Cuniuldtive j 
I f(*r Montli 1 

i Average 

1 I’eried 

1 

T'eriod 

! Cumula- 
1 tiV4> f(*r 

1 M(»nth 

Labor j 

1 

1 

j 

j 73S 90 

j 

738 90 1 

1 

.9584 

.9584 

Supplies 1 





.0000 

.0000 

Expenses 


243.35 

243.35 


.3156 

.3156 

Total 

Tons Ore 


982.25 

982.25 


1 2740 

1.2740 

Produced 

Net Tons 


771.00 

771.00 




to Mill 


771.00 

771.00 






Tables 4, 5, and 6 show the costs of “Producing Ore” in ore 
bodies “A,” “B,” and “C” respectively for the period February 1 to 8, 
1930, These costs are assembled on the same basis as those in Tables 
1, 2, and 3. “Producing Ore” as used here refers to the operation of 
drawing the ore from the chutes of the stopes, hauling it to the shaft, 
hoisting it to the surface and delivering it into the mill bins. The 
tonnage of ore as broken and produced is in wet tons and wo may 
assume that the ore contains 2% moisture. 

Table 7. Hypothetical Mining Company. Approximate Cost Data. 


Mill Operating 

Period: Feb. 1 to 8, 1930 Date: Feb 14. 1930 




Total Money 


Cost'per Ton Crude Ore 

Operations ^ 

Average | 
Peiiod I 

i 

' 1 
1 1 

^ Cumulative j 
for Month 1 

! Average 

1 *erli>d 

1 

J’eriod ' 

1 1 

(■Cumula- 
tive lor 
Month 

Labor 

1187.50 ' 

1617.96 

1617.96 

.2094 

.1261 

.1261 

Supplies 

2175.34 

1S13.92 

1813.92 

.3803 . 

.1413 

1413 

Expenses 

1753,77 

2259.02 

2259.02 

.3066 

.1761 

.1761 

Total 

5110 61 

5690.90 

5690.90 

; .8963 

.4435 

.4435 





% Cu. 

% Cu. 

% CUi. 

Tons Ore j 
Milled 

Tons Con- 

5270.00 

12831.00 

12831.00 

1.9664 

i 

1.3381 

j 

1.3381 

centrates 

Produced 

130 00 

1 672.8600 

672.8600 

124.3197 

23.0600 

23.0600 

Tailings j 


i i 


1 



% (^u 


i 1 


1 .ir)74 

.1360 

.1360 


Table 7 shows the cost of concentrating the ore at the mill for 
the period F(4)ruary 1 to 8, 1930, based upon “Labor,” “Supplies” and 
“Expenses” The tons milled, is gi\en in dry tons, which is in this case 
12,831 tons. The ore as delivered to the mill bins, as before mentioned, 
contains 2% moisture As in the other tables the average period is 
calculated for the operations of the preceding six months and gives 
a basis for comparison of the costs for the period. 

Table 8 shows the cost of transporting the concentrates via aerial 
tram from the mill to the railroad station. The fifth line of this table 
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Table 8, Hypothetical Mining Company. Approximate Cost Data. 


Tramway Operating 

Period: Feb. 1 to 8, 1930 Date: Feb 14, 1930 




Total Money 

1 

1 

Gust per Ton Crude Ore 

Operations 

1 

AvoraKo 
Pf 1 iod 

1 

1 

1 Period 

1 

_ 1 

1 ■ j 

t Cumulative | 
; for Monlli | 

1 1 

1 

Average 

i'eriod 

1 

1 ' ■ 

Pt rn)d 1 

1 

1 

1 t'umula- 
1 lue for 
Month 

Labor 

490 96 

1 720.26 

1 1 

} 720.26 

1 1344 

1.1345 

1.1345 

Supplies 

49.34 

1 79.76 

j 79 76 

.1140 

.1256 

.1256 

P^xpenses 

Gross 

MM 

i 

1 128 53 

1 1 

128.53 

j 

.1942 

2025 

.2025 

Total 

1 624 36 

1 928.55 

928.55 

1.4426 

1.4626 

1.4626 

Back 

1 

i i 





Freight 

Credit 

1 

I 184 70 

1 j 

1 205.00 

j 205.00 

.4268 

1 .3229 

.3229 

Net Total 
Ton.s Con- j 

1 439 66 

! 723 55 1 

1 1 

1 723.55 

1 

1.0158 1 

1 

1.1397 

1.1397 

cent rates | 


1 i 

! 1 

1 

Cost per ton Crude Ore 

Trammed 

432.00 

1 631.860 1 

1 634.860 

! .0761 


.0598 




Period 

Month 

Tons 

C oncen t r a t e s t rammed 

634.8600 

634.8600 

Tons 

back f r eigh t t rammed 

51.2500 

51.2500 

Total 

Tonnage Trammed 

686 1100 

686.1100 


shows “Back Freight Credit” This is for freight hauled from the 
railroad to the mill over the tram and i^ credited to the operating 
costs of the tram This amount credited here is charged to tlic mill 
or mine, as the case may be, as a freight charge as it would be in case 
it w'as hauled by truck For example, the “Gross Total” money for 
the peiiod, shown in Table 8, line 4. was $928 55 From this deduct 
the back freight credit of $205 00 leaving $723 55 for a net total cost 
of operating the tram for the period. 

Table 9 is a summary of Tables 1 to 8 for the period February 
1 to 8, 1930. The “Total Money” for “Breaking Ground” includes the 
cost of development. 
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Table 9. Hypothetical Mining Company. Approximate Cost Data. 


Summary 

Period: Feb 1 to 8, 1930 Date: Fob. 14, 1930 



Total Money 

Cost per Ton Crude Ore 

Operations 

Breaking 

^ Average I 
Period 

Period j 

Cumulative 
for Month 

1 

Average j 
Period 

1 Period 

Cumula- 
ti\o ior 
Mcmth 

Ground 

A Ore Body 

11198.96 

9883.65 

9883.65 

2.2904 

1.3465 

1.3465 

B Ore Body 


5038.18 

5038.18 


2.6064 

2.6064 

core Body 
Total 


2888.01 

2888.01 


.8886 

.8886 

Breaking 

Ground 

11198.96 

17809.84 

17809.84 

1 

2.2904 

i 

1.4222 

1.4222 

Producing 

Ore 

A Ore Body 

4038.72 

4954.21 

4954.21 

.6908 

.5648 j 

.5648 

B Ore Body 


993.91 

993.91 


.4212 

.4212 

C Ore Body 
Total 


982.25 

982.25 


1.2740 

1.2740 

Producing 

Ore 

1 

4038.72 

6930.37 

1 

6930.37 

.6908 

.5822 

.5822 

Total 


1 1 

1 




Mining 

15237.68 

24740.21 

24740.21 

2.9812 

2.0044 

2.0044 

Mill 

Operating 

Tram 

1 5116.61 

5690.90 

5690.90 

.8963 

.4435 

.4435 

Operating 
Total Cost 

439.66 

723.55 

723.55 

.0761 

.0598 

.0598 

Ore 

Milled 

20793.95 

31154.66 

81154.66 

3.9536 

2.5077 

2.5077 


Total Tons Ore Broken . 1 2523 12523 

Total Tons Ore Produced 11903 11903 

Total Tons Ore Milled 13093 wet tons (2% moisture) or 

12831 dry tons 
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Table 10. Hypothetical Mining Company. Hypothetical Mine. 
Budget Statement. February 14, 1930. 

Period: February 1 to 8, 1930 


Credits 

Estimated receipts from sale of concentrates 

672.860 tons at $70.70 $47,571.20 

Debits 

Breaking Ground “A” ore body 

7340 tons at 1.0294 $ 7,555.67 

Breaking Ground “B” ore body 

1933 tons at 1.0504 2,030.57 

Breaking Ground “C” ore body 

3250 tons at .5786 1,880.48 

l*roducing Ore “A" ore body 

8772 tons at .5648 ... 4,954.21 

Producing Ore “B” ore body 

2360 tons at .4212 993.91 

Producing Ore “(V’ ore body 

771 tons at 1.2740 982.25 

Milling (dry) 12831 tons at .4435 5,690.90 

Tramway 634 860 tons at 1.1397 .. 723.55 


24,811.54 


Cost of breaking excess of ore milled over ore 
broken 570 tons at 1.1694 (Cost per ton broken 

in stopes Dec. 31, 1929) 666 56 

Cost of producing excess of ore milled over ore 
produced 1190 tons at .5822. (Average cost per 

ton producing ore during current period) 692.S2 26,170.92 


21,400.28 

Cost of development .. 6,343.12 


Estimated operating profit for period $15,057.16 

Wet tons ore milled 13093 
January settlement figures used. 


Tabic 10 is a "Budget istatcnicnt” suintiianzing Tables 1 to 0 for 
the period February 1 to 8, 19J0 The credits shown are for 672 860 
tons of concentrate produced as shown in Table 7 “Tons Concentrate 
Produced” for the period This concentrate had a value of $70 70 per 
ton. The value of the concentrates is taken as the average value for 
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the previous monthly settlements, but in case of wide fluctuation in 
metal prices, the very latest settlement figures should be used to be of 
greatest value Under “Debits,’’ “Breaking Ground,” “A” Ore body 
$7,555.67 is taken from Table 1 and does not include cost of develop- 
ment; likewise the cost of “Breaking Ground” for “B” and “C” ore 
bodies docs not include development cost. The figures for “Producing 
Ore” in the three ore bodies and the cost of milling and tram costs 
arc taken from Table 9. The next item in Table 10 is “Cost of break- 
ing excess of ore milled over ore broken — 570 tons — $666 56 It will 
be seen in Table 9 that the total tons of ore broken was 12,523 and 
in Table 10 the wet tons milled w'as 13,093 or 570 tons in excess of 
ground broken in stopes. It will also be seen in Table 9 that the 
total tons produced for this period was 11,903 and as there were 
13,3093 wet tons milled there w’as an excess of 1,190 tons inilbd over 
ore produced This 1,190 tons at $0 5822 givc'^ a debit of $692 82 shown 
in Table 10. The cost <ff (le\elo]unenl is deducted from the estiniat(‘d 
profit for the period. 

Table 11 is a summary or condensation of costs from February 1 
to 8, 1930 and the information is taken from Table 10. 


Table 11. Hypothetical Mining Company. Hypothetical Mine. 
February 14, 1930 

Summary February 1 to 8, 1930 


Credits 

Estimated receipts from sale of concentrates 

Feb 1 to 8 $47,671.20 

Debits 

Breaking, Producing, Milling & Tramway . . ..$24,811.54 
(^ost of breaking excess of ore milled over ore 

broken 570 tons 666.56 

(-ost of producing excess of ore milled over 

ore produced 1190 tons . 692.82 26,170.92 


Cost of development 


21,400.28 

6,343.12 


Estimated operating profit Feb. 1 to 8 .. 


$16,057.16 
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Table 12 is a summary of costs from February 1 to 15, Table 13 
is a summary from February 1 to 23; and Table 14 is a summary from 
February 1 to 28, 1930. It will be noted that in Table 14, for the entire 


Table 12. Hypothetical Mining Company. Hypothetical Mine. 
February 20, 1930 

Summary b'chruary 1 t(i 15, 1930 

Credits 

Estimated receipts from sale of concentrates 

Feb. 1 to 15 $103,513.78 

Debits 

Breaking, Producing, Milling & Tramway 47,346.46 

(>)st of breaking excess of ore milled over ore 

broken 1028 tons 1,202.15 

Cost of producing excess of ore milled over ore 

produced 1129 tons 660.79 19,209.40 


Cost of development 


54,304.38 

11,958.57 


Estimated Operating profit Feb 1 to 15 


$12,345.81 


Table 13. Hypothetical Mining Company. Hypothetical Mine. 
February 28, 1930 

Summary I'thruary 1 to 23, 1930 

Credits 

Estimated receipts from sale of concentrates 

February 1 to 23 $161,935 49 

Debits 

Breaking, l*roducmg. Milling & Tramway $68,533.45 

Cvost of breaking excess of ore milled over ore 

broken 838 tons 979.96 

Cost of producing excess of ore milled over ore 

produced 1526 tons 870.60 70,384.01 


91,551.48 

Cost of development - - 17,001.43 

Estimated operating profit Feb. 1 to 23 - . $74,550.05 
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month, there were more tons of ore broken than were milled, there- 
fore the cost of breaking this excess of 2,133 tons is deducted from the 
debits, while the excess of ore milled over ore produced is included 
with the debits. 


Table. 14. Hypothetical Mining Company. Hypothetical Mine. 
March 13. 1930 

Suniiuary February 1 to 28, 1930 


(Credits 

Estimated receipts from sale of concentrates 

February 1 to 2S, 1930 $193,110.83 

Debits 

Breaking, Producing, Milling & Tramway $87,838.38 

Cost of breaking excess of ore broken over 

ore milled 2133* tons . 2,673 IS* 

Cost of producing excess of ore milled over 

ore produced 691 tons 359.91 85,525.11 


107,585.72 

Cost of development * 19,629 56 

Estimated operating profit for month of February $87,956.16 

* To be deducted from Debits 


Table 15. Hypothetical Mining Company. Approximate Cost Data. 

Mine Operating — l^rcaking Ground “A” < )rc Body 


Period: Feb. 24 to 28, 1930 Date: March 13, 1930 



Total Money 

Cost per Ton Crude Ore 

Opfration.s j 

Average I 
I’criod 

1 1 

1 1 

1 ’eriod 

^ C^umulatlve 
for Month 

' Average 
, l’(*riod 

Period 

Cumula- 
! tive fi r 
Month 

Labor 

1 2448.40 1 

1 1985.59 

9928.95 

.3222 * 

.2569 

.3030 

Supplies 

I 1410.37 ! 

G93.33 

4512.39 

.1856 

.0897 

.1377 

Expenses 

1 2321 49 I 

939.20 

8220.92 

.3055 

.1216 

.2509 

Total 

6180.26 

3618.12 

22662.26 

.8133 

.4682 

.6916 

Developm’t 

1310.07 

2068.63 

8584.27 

.1724 

.2677 

.2620 

Total Cost 
Tons Ore 

7490.33 

7599 ^ 

5686.75 

1 

31246.53 

.9857 

.7359 

.9536 

Broken 


7728 

32764 
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The figures given for the first three i)erio(ls of the month are 
approximations and may ])c too high or too low, and a final adjust- 
ment is made in the last period of each month. In case an overcharge 
is made during the first three periods for any item, such as develop- 
ment, making tlie total greater than for the entire month, the amount 

Table 16. Hypothetical Mining Company. Approximate Cost Data. 


Mine Operating — lireaking Ground “C” Ore Body 
Period: Feb lo to 23, 1^30 Date: Feb 28, 1930 




Total Money 


Cost per Ton Crude Ore 

Operations 

AvoraKt* 


Cumulative 

Averat^e 


(^umula- 


Period 

Period 

for Month 

T ’eriod 

T^eriod 

tiv^ lor 
Month 

.. _ . 

Labor 

817.97 

726.13 

2238 43 

0.4344 

0.5646 

0.4144 

Supplie.s 

! 513 68 

399.25 

1415.64 

.2728 

.3105 

.2620 

Expenses 

1 810.25 

413.93 

1482.63 

.4303 

.3219 

.2745 

Total 

I 214190 1 

1539 31 

5136.70 

1.1375 

1.1970 

.9509 

Developin’ t 

981.24 

819.80 

2512.18 

.5211 

.6375 

.4650 

Total Cost 

3123.14 

2359.11 

7648.88 

1.6586 

1,8345 

1.4159 

Tons ort' 

1883 

^ 1286 

5402 





Table 17. Hypothetical Mining Company. Approximate Cost Data. 

Mine Operating — Breaking (Voiind. “C” Ore Body 
Period; Feb 24 to 28, 1930 Date: March 13, 1930 


Total Money 


Cost per Ton Crude Ore 


Operations 

1 

Average ( 
Period 

1 . J 

1 

l*ern)d | 

^ Cumulative 
for Month 

_____ 

^ Average 
Period 

I ‘eriod 

C’nmula- 
tive for 
Month 

i 

Labor 

715.4G i 

987 49 * 

.3225.92 

.4344 j 

.9110 

.4974 

Supplies 

449.30 1 

233 17 

1648.81 

.2728 

.2151 j 

.2542 

Expenses 

708.70 

580.12 

2062.75 

.4303 

.5351 

.3180 

Total 

1873.46 

1800.78 

69.37.48 

1.1375 

1 6612 1 

1.0696 

Developm’t 

858.25 1 

557.44* 

1954.74 

.5211 

.6142* 

.3014 

Total Cost 
Tons Ore 

2731.71 ’ 

1243.34 

8892.22 

1.6586 j 

1,1470 

1.3710 

Broken 

1647 

1084 

6486 ! 

_ 




• This is to be deducted to take care of an overcharge in the first three periods 


of the month. 
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necessary to adjust this is shown in red in the proper place in the 
fourth period and this deducted from the cumulative for the month. 
This is illustrated in Tables 16 and 17. Note that in Table 16 the cost 
of development, cumulative for the month (from February 1 to 23), 
is shown as $2512.18. After the final correct costs for the month were 
determined it was found that this figure was too high. In Table 17 
note that the cumulative for development for the whole month was 
$1‘154 74 or $557 44 lesv than was shown in Table 16 for the first 
throe periods This $557 44 is shown in red in the cost for the peruid 
and is deducted from the total cost. 

To summarize this method of compiling approximate cost data: 
Aproximate costs are kept for periods of about eight days each The 
operations at a mining property are divided into subdivisions such as 
“Ilreaking Ground”; “Producing Ore”, “Milling Ore”, and “Trans- 
portation of the Concentrates ” The basis for determining these costs 
is* “Labor,” “Supplies,” and “Fxi»en«'es ” lyabor costs are obtained 
from the payroll, costs of supplies are obtained from w'archotise 
records, and “Expenses” include such items as power, liability insur- 
ance and laboratories Along with the current ’costs are shown the 
average costs during the previous six months period so that the 
operator may have a basis for comparison The valiu* of the metal 
produced is .shown and the profits for the period are aptiroximated 
If the costs for any operation are too high the operator w’ill know’ it 
before this condition has continued long. The executive in charge 
of mines a long distance away can keep in close touch with the cost‘d 
at each property. 
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Development of an Electro-Hydrometallurgical 
Process for Copper Flotation Concentrate 

Second Progress Report’ 
i>y 

Carl I’redcnck J'loe and Arthur ImIctI Druckcr 

INTRODUCTION 

About ninettrn months the lorst Proj^rt'ss R(*])ort on this 

prvfccs.s for t)ro(lucin^ electrolytic copix'i* from dotation C(jncentrate 
by a hydrometallurf>u al nuthod, v\as published by the JuiKiiiec'nnj; 
Experiment Station of the vState College of Washington Since that 
time the work has Ix'en continued in greater detail and on a some- 
what larger scale, using improved equipment This i>aper presents the 
results of this lat<M' experimental work 

Inti rest in tin i U i ti o-h\ drometcilUiru\ of copper sulphides (mill 
conei ntrati ) has iiunased greallv in the last two years IVcdictioris 
that this would hi true wire niadi nearly fiftem years ago, altliough 
little or no experimental data were a\ailahli at that tune, and even at 
present the supply is meager” Xctinirexpcnmental work on this prob- 
IcMii w'Hs started in our laboratories in Fehruar\ 1927, and the first 
pi ogress report iiuhlishi'd in April 1930 

The results puhlished in the former report indicated that the most 
sill cessfiil way <>f lecoxcring the copper frt)m a sulphide concentrate 
w'ould iinolve oxidi/mg loastmg, followed by leaching with dilute 
sulphuric acid, and electrolysis of the resulting solution, using insolu- 
ble lead anodes and copper shed cathodes The object of the experi- 
ments that have been conducted since that time has been: 

1 To obtain more data on the conditions necessary for successful 
roasting in order that a high extraction of the copper can he made 

^ Second Progress Report completed ♦lanuary, 1932 

= A E. Drucker, “Hydrometallnrgy of Copper Sulphides” Mining and Scientiilc 
Press. Nov. 17, 1917. 

®A E. Driicker and C. F Floe, “Development of An Electro-Hydromolallurgical 
Process for Copper Flotation Concentrate.” The State College of Washington, 
Engineering Experiment Station Bulletin No 35 April 1930. 
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2. To determine what impurities will collect in the solutions when 
they are used repeatedly, and the effect of these impurities on elec- 
t rolys is. 

3. If impurities do collect in the solution, Xo find a suitable way 
of overcoming their deleterious effects. 

4. To determine some of the characteristics of the electrolysis of 
acid copper sulphate solutions containing ferric and ferrous iron 

5. To determine if it is economically possible to recovi r the 
precious metal from the tailing 



Fi^nrc I Imboratorj RoaslinK Unit. 
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EQUIPMENT USED IN EXPERIMENTAL WORK 
Roasting: 

The furnace in which all roasting tests were made is shown in 
Figure 1 It is a Nicholas Herreshoff laboratory roasting unit cimsist- 
ing of a thirteen-inch iron hearth suitably insulated with fire brick 
Stirring of the charge is efTccted l)y means c>f a rabble arm turned by 
a gear mechanism connected to a small electric motor The average 
speed of the rabble arm is about three revolutions per minute The 
furnace is fired by means of a gas burner slunvn on the right hand 
side; Flamo gas, suiiplied by the Standard Oil Company, being used 
for fuel liy carefully regulating the supply of gas, the temperature of 
the furnace could be controlled quite closely However, it is believed 
that the temperature control was no more exact than could be obtained 
in the present day commercial types of roasting furnaces 

The amount of air admitted to the roast could be partially regu- 
lated by means of the door in front, and also by a damper in the flue 
During most of the tests a charge of from 1500 grams to 2000 grams 
of concentrate was used 

Discharge of the furnace, after the n)ast was complete, was ef- 
fected by removing a plug in the bottom of the hearth, and allowing 
the charge to rabble out In this way material held up in the corners 
and insuflficicntly roasted was allc^wed to remain behind. 

Leaching : 

Two different series of leaching tests were conducted The first 
of these, which will be called the Large Scale l^aboratory Treadling 
Tests, was made in the exjierimental leaching jilant shown in Figure 
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2. This consists of two scries of two-litcr bottle agitators and several 
settling cones. The latter were used for thickening the solids and 
decanting off the clear liquid solution prior to electrolysis. The thick- 
ened solids were run through a filter press (Figure 3) and washed 
before drying. In the bottle agitators the solids were kept in suspen- 
sion by means of compressed air which entered through a jet at the 
neck of each of the inverted bottles. The compressed air necessary 
for agitation was supplied b\ the air compressor shown in Figure 4 



Fi>rnrr 2 Kxpprimoiital leaching unit used for large seali* laboratory leaching tests 


Small .scale leaching t(‘sls were made in the apparatus shown in 
l^'igiire 5 Tills consists of a two and one-half liter jar in which is 
inserted a large glass stirring rod The end of this rod is connected 
to a pulley which is rapidly turned by means of a small electric motor 
The solutions could be healed during leaching to any desired tempera- 
tur< by means of a Hotpoint immersion type heater 

Electrolysis : 

The electrolysis of the solutions from the large scale leaching 
tests was made in the cells shown in Figure 6 The three cells were 
arranged in cascade, and a continuous circulation of the electrolyte 
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Fill or press usjhI for clanfvini; solutions prior to 
electi ol> SIS 



Figure 4 Air eoinprossor supplying compressed air for the 
leaching plant shown in Figure 2 . 
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maintained by means of an air lift from the lower to the upper cell. 
Sheet lead anodes and copper sheet cathodes were used. Current for 
the electrolysis was supplied by a motor generator set having a 
capacity of 100 amperes at six volts. The amount of current could be 
controlled by means of a field rheostat mounted above the generator 

The apparatus for the electrolysis of the solutions from the small 
scale leaching tests is shown in Figure 5. This consists of a two liter 
cell containing two copper sheet cathodes and three lead anodes 
Current was supplied by the small motor generator set shown on the 
left ,the amount being regulated by a slide wire rheostat. Circulation 
of the electrolyte was maintained by two glass stirring rods attached 
to mechanical spinners. 

Analytical Methods and Calculations 

In general all analyses were made hy tlie standard methods 
Copi)er was determined by the iodide method, and iron by the per- 
manganate method An outline of the procedure followed in the 
determination t)f acidity, ferrous iron, and total iron, may be found 
in KefTer’s “Methods in Non Ferrous Metallurgical Analysis’” 

i 

In some of the tables a quantity calh'd “acid soluble iron” has 
been given This was determined by leaching 0 5 gram of the roasted 
calcine with 30 cc of a 5% solution of sulphuric acid, filtering, and 
determining the total amount of iron which had dissolved Deter- 
minations of acid soluble copper were made in the same way This 
offered a rapid method of determining tlie degree of comjiletion of a 
roast, and how successful it had been 

In most cases the analytical results check quite closely, and con- 
siderable care was taken to make them do so, especially in the small 
scale tests where the solution volumes could he controlled within 
narrow limits. 

During the tests it was found to be more expeditious to calculate 
the various weights on the basis of analytical results. For example, 
in roasting it was not practical to remove the entire charge from the 
furnace when the roast was complete, because certain portions would 
be held in the corners of the hearth and would be insufficiently 

* McGraw-Hill Book Company, 370 Seventh Avenue, New York, N. Y. 
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Figure 5 Equipment used for small scale leaching and electrolysis 



Figure 6. Apparatus used for the electrolysis of the solutions from the large scale 
leaching tests An end mcu of the leaching apparatus is shown in the background 
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roasted. For this reason only the part of the charge which had cir- 
culated freely was removed, and the increase in weight, during roasting, 
was determined by the decrease in the amount of iron and coi)i)er in the 
calcine over that in the original concentrate. In like manner the 
weight of leached residues was usually calculated on the basis of the 
change in the iron assay. 

All calculations in the tables have been made by slide rule, the ac- 
curacy of which should be within the limits of the analytical methods. 


Nature of Concentrate Used for Experimental Work 

Two different concentrates were used in these tests. The first 
was from the flotation mill of the Index Copper Company at Index, 
Washington, and consisted essentially of chalcopyrite with a few per 

Table 1. Screen Analyses of Index and Utah Concentrate 


Index Concentrate Utah Ct)ncentrate 


Mesh 

Weight i 

% 

i Total % 
on 

Total % 
passing 

Weight j 

I % 

1 

Total % 1 
on 1 

Total % 
passing 

+28 

6g. 

0.5 1 

0.5 

99.5 





35 

5 

0.5 1 

1.0 1 

99.0 





48 

7 

0.7 1 

1.7 

98.3 





65 i 

23 

2.3 

4.0 

96 0 

Og. 

0.0 

0.0 

100.0 

100 

108 

10.8 ! 

14.8 

85.2 

5 

0.5 

0.5 

99.5 

150 

157 

15.7 

30.5 ; 

69.5 

23 

2.3 

2.8 

97.2 

200 

148 

14.8 

45.3 

54.7 

99 

9.9 

12.7 

87.3 

—■200 

547 

54.7 

100.0 

0.0 

873 

87.3 

100.0 

0.0 


N. B. Dusting losses added to undersize of finest screen. 


Table 2. Quantitative Analyses of Index and Utah Concentrate 



Index Concentrate 

Utah Concentrate 


Per cent 

Per cent 

Copper 

29.2 

32.9 

Iron 

24.8 

28.0 

Sulphur 

26.1 

32.5 

Gold 1 

Trace 

0.18 oz./T. 

Silver 1 

3.1 oz./T. 

2.1 oz./T. 
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cent of bornite. A microscopic examination also revealed the presence 
of some quartz, although the material was fairly clean. The second 
concentrate came from the Magna mill of the Utah Copper Company, 
and was an exceptionally clean chalcopyritc flotation concentrate, con- 
taining a small amount of hornite A screen analysis of the two con- 
centrates is given in Table 1 and a quantitative analysis in Table 2. 

RESULTS OF EXPERIMENTAL WORK 

1. Roasting Tests 
Method of Conducting Roasts: 

In all roasting tests a charge of from 1500 to 2000 grams of con- 
centrate was used After much preliminary testing, some of the re- 
results of which were included in the former report, it was found that the 
following meth(»d of conducling the roasts ga\e the liest results, that is, 
it produced the greatest amount of soluble copper with the least 
amount of soluble iron 

The concentrate was first placed in the furnace and the gas flame 
turned on until the temperature of the charge was brought up to the 
ignition temiieratures of the sulphides This has been determined to 
be about 325"' C f(ir pvnte and 430“ C for CuiS “ The flame was now 
turned off completely and the sulphur allowed to burn The burning 
of the sulphur liberates sufficient heat to maintain the entire charge at 
a red heat for a period of from »>ne to two hours This completes the 
first stage of the roasting operation 

After the temperature had decreased again, and the sulphur con- 
tent of the calcine was reduced to about 9 to 12 %, the flame was 
again turned on and the imifTIe temperature brought up to a low red 
heat, or about 550“ C The temperature was held at this point until 
there was no longer any indicatif>n that S (^2 was being formed This 
comprises the second stage of roasting 

During the third and final stage, the muffle temperature was 
raised to about 625° C to 675° C, and roasting continued for several 
hours in order to convert as much of the iron as possible into insolu- 
ble ferric oxide, and to insure the complete decomposition of the 
sulphides. 

*H:. O. Hofman, “Genoral Metallurgy." McGraw Hill Book Company 
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Table 3. Progress of Roasting Index Concentrate. Sample No. I 
Taken at the End of 1 Hour of Roasting; No. 2 at the End of 
2 Hours, etc. 



1 1 

-I 


1 

1 






Sample 

C 

•S ® 

U c ' 

No. 1 

No 2 

No 2 

No 4 

No. 5 

No. 6 

No. 7 


OO ‘ 








1 

! '/r 

1 

1 % ' 

1 

! Vr 

1 

1 

f'/r 

1 

Vc 

% 

Total Copper 1 

29.2 

29.0 1 

28.4 j 

27.4 

26.6 

26.6 

26.6 

27.6 

Water Soluble Copper | 

0.0 

2.6 1 

7.2 

6.4 j 

6.5 

5.2 

5.0 

4.6 

Acid Soluble Copper 

0.0 

6.9 

20.6 

25.9 

25.4 

26.4 

26.5 

26.5 

Total Iron 

24.8 

24.7 

24.2 

23.5 

23.0 

23.0 

23.2 

24.0 

Water Soluble Iron 

0.0 

0.4 

0.5 

0.4 

0.5 

0.4 

0.3 

0.2 

Acid Soluble Iron 

0.0 

13.6 I 

10.2 

3.3 1 

3.2 

24 

2.2 

2.0 

Total Sulphur 

26.1 1 

15.3 

8.7 

7.6 

7.4 

7.2 

6.9 

6.0 

Water Soluble Sulphur 

0.0 

1.7 1 


4.8 ! 

5.1 

4.3 

4.1 

3.4 


Table 4. Progress of Roasting Utah Concentrate. Samples Taken 
at End of Hours of Roasting Indicated at Top of Column. 





! 

! 




1 --- - 
1 

I 

\ 

1 

! 

Sami)l(‘ i 

§ £ 

^'2 hi 

! 1 hr 

! 

1 

1 

2 hr.s 

In s 

1 

4 hrs 

1 6 hr.s 

1 S hrs 

10 hrs 


OO 

1 

i 

1 

1 


j 


! 

1 

1 


Total Copper 

r' 

32.9 

i 

t '' 

32.7 

1 

i 'V' 

1 32.5 

1 

1 

1 

1 

31.8 

i 

1 ’ 

! 30.8 

i 

30.6 

1 

30.6 

i 

I 30.4 

o 

OO 

Acid Soluble Cu. 

0.0 i 

10.4 

217 

1 

27.1 

28.4 

29.6 

30.4 

30.2 

31.2 

Water Soluble Cu. 

0.0 

13 

! 7.7 

i 

12.7 

11.9 

11.3 

9.8 

1 8.6 

0.8 

Total Iron 

28 0 1 

27.9 

27.7 

1 

27.0 

26 2 

26 0 

25.9 

25.5 

26.9 

Acid Soluble Fe. 

1 0.0 i 

13.1 

1 14.8 

1 

10.1 

1 7.1 

' 6.0 

1 5.7 

42 

2.3 

Water Soluble Fe. 

1 0.0 

1 0.4 

1 1.5 

1 

1.0 1 

1 0.6 

1 0.7 

0.7 

1 0.7 

1 0.3 

Total Sulphur | 

32.5 

23.0 

13.5 

1 

11.6 1 

11.4 

10.3 

10.0 

8.4 

i 6.0 


Thm method of roasting has been found to be very effective in 
giving the maximum solul)i1ity of the copper Two points are of par- 
ticular importance, the first being that the initial temperature of the 
muffle should not be far above the ignition temperature of the sul- 
phides or overheating may result, and the second that the final 
temperature should not be so high that insoluble ferrates of copper 
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and iron are formed Jt was found that this occurred if the tempera- 
ture exceeded about 670® C 

Results of Tests: 

Table No. 3 and Talilc No 4 show the j)j ogress of the roasting of 
Index and Utah concentrate respectively by the method just described 
In these tests samples were taken at the end of the time intervals 
indicated, and each sample analyzed in order to determine how far 
the roast had proceeded. 

Figures No. 7 to 12 inclusive show graphically the results given 
in Tables 3 and 4 Figures No 7 and 8 indicate how the sulphur is 
eliminated as the roast progresses, the greatest portion being expelled 
during the first stage. Dm mg the second stage the rate is retarded 
very rapidly, and in the last stage it again increases, due to the in- 
crease in temperature to a point in excess of the decomposition tem- 
perature (»f the sulphates That is, fur i opper sulphate about 653° C: 

2 CiiSO.-CiiOCuSO,-} SOs 

Figures No 9 and 10 show the nature of the products formed 
during the roasting of Index concentrate Tn Figure 9 the i)er cent 
acid soluble and water soluble copper, and at id soluble and w'ater 
soluble iron in the calcitu* ha\e been plotted against the time of 
roasting in hours Figure 10 is the same except that the per cent of 
sulphur remaining in the calcine has been used as abcissae which 
gives a smoother cur\e Hy acid soluble iron and copper is meant the 
amount that is soluble in a solution of sulphuric acid. 

The curve for acid soluble copper goes up wry rapidly at first, 
and is then retarded during the second stage of the roast as the re- 
action nears completion The solubility of the co])pcr decreases dur- 
ing the final stage due to slight overheating and conseciucnt formation 
of insoluble ferrate The acid soluble iron is shown to increase very 
rapidly at first; more rapidly than the copper, indicating that the iron 
roasts somewhat ahead oi the copper It then decreases very rapidly 
when the temperature becomes sufTicieiitly high to promote the rapid 
formation of insoluble Fc-Oa The water soluble copper forms quite 
rapidly at first, remains fairly cemstant during the secemd stage of the 
roast, and then decreases as the temperature is raised to a point in 
excess of the decomposition temperature of CuSO^ (653° C). The 
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Time of Boasting in Hours 
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Per Cent Sulphur m Calcine 



Fi^rnre 8 Elimination of sulphur during the roasting of Utah Concentrate. 
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Time of Roasting in Hours 



Figure 9 (’urveN showing the nature of the products formed during the 
l)rogress of roasting Index Concentrate 

amount of Avater ‘Soluble iron is not groat at any time, indicating that 
the sulphates of iron are decomposed, with the formation of copper 
sulphate, almost as rapidly as they arc formed. 

Figures 11 and 12 show the nature of the jiroducts formed during 
the roasting of Utah concentrate These curves are very similar to 
those of Figures 9 and 10, which is to be expected, since the roasts 
were conducted in the same manner. 
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Per Cent Sulphur in Calcine 



FiKurt* 10 CurvPK showing the nature of the products formed, as sulphur 
IS eliminated during the jirogress of roasting Index Concentrate 

The appearance of the calcine during the jirogrcss of the roast 
undergoes several changes as the various products are formed. Dur- 
ing the first .'^tage it changes from the color of chalcopyrite to a dark 
gray black color, and a microscopic examination reveals that a great 
portion of the iron is now in the form of the magnetic oxide The 
curves of Figures 9, 10, 11, and 12 show that it is during this period 
that the greatest amount of soluble iron is formed At the same time 
the soluble copper is increasing rapidly, or in other words, the copper 
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Time of Boasting In Hours 



Figure 11. Curves showing the nature of the products formed during the 
progress of roasting Utah Concentrate. 


is being converted into CuO and CuSO^ and the iron into FeO and 
Fe 804 with a small amount of Fe2(S04)8 and FeS04. 

The amount of CuS04 formed depends upon several variable factors 
such as temperature, air supply, rale of rabbling and particle size. 
It will be directly dependent upon the partial pressure of the SO* gas 
in contact with the calcine The formation of this latter compound by 
the oxidation of SO2 according to the reaction S02+/402=S0*, is 
greatly assisted by the catalytic action of certain of the solid sur- 
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Per cent Sulpilmr in Calcine 



faces. Irtni oMile and silica arc kinavn to have tins effect; csi:>ecrally 
when in a finely divuh'd stale and in tin* presence of an excess of 
air ‘ Till* presence of I'cS also ertatly assists the formation of 
CuSC)!** A considerable difference in the total amount of CuisOi 
formed in the first sta^e of i»>aslin^ Index and Utah concentrate can 
he noted, which can be* ascribed to dill ere nces m some of lliese 
variable factors 

* ‘‘General Motallurpy,’ ' by H O. Tlofman, MeGraw Hill Book Co, 1913. 

^ “MotallurKy of Copper,” by Hof man and Hayward, McGraw Hill Book Company, 
1924 






During the second stage of the roast the concentrate changes from 
a gray black color to a brick red, due to conversion of the Fe 304 into 
Fe20». Even after completing the roast, however, there are some mag- 
netic particles present, so that this reaction is not complete. This 
accounts for the fact that a small percentage of the iron is still solu- 
ble. The existence of some FcO is still quite likely, and later tests 
indicate that approximately 50% of the soluble iron is in this form 

During the last stage of the roast the color does not change ap- 
preciably unless overheating is allowed to take place, which darkens 
it rapidly again due to the formation of ferrates The best roasts, or 
those containing the greatest amount of soluble copper, were of a 
brick red color 

It was found that the ferrate was formed if the temperature ex- 
ceeded about 670“ C, and not 6S()® C as was j)reviously supposed This 
is illustrated by the curve for w^ater soluble copper in Figure 11, 
where during the last stage of roasting, the amount of CuSOi de- 
creased to about 2% To do this the temperature must have exceeded 
653° C in order that the sulphate could brea)c down into the basic 
sulphate: 

2 CuSO. = Cu0.CuS04 d- SOa 

At the same time, however, the amount of total soluble copper did 
not decrease, which shows that no ferrate was formed This ofTers 
one means of partially controlling the amount of copper sulphate in 
the final calcine. It cannot be fully controlled, however, because the 
temperatures can never be allowed to go so high that the basic sul- 
phate is decomposed (about 700° C) The control of the amount of 
sulphate present in the roast is important, because it is this that de- 
termines the amount of excess acid that will be regenerated during 
electrolysis 

Table 5 (see insert) gives the results obtaint'd from the analyses of 
different roasts In Nos 1 to 7 inclusive. Index concentrate was used, 
while in No. 8 and 9, Utah concentrate was used. In all cases the 
roasts were conducted in the manner previously described, that is, in 
three stages. The temperatures given in column 6 represent the maxi- 
mum finishing temperature only. The amount of water soluble and acid 
soluble material in each roast was determined in most cases by leaching a 
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25 gram sample for a period of three hours at about 40“ C., and analyzing 
the resulting solution and residue The solution from the acid leach 
contained about 4% free H^SOi "when leaching was complete. 

Somewhat ideal results w^ere obtained in Roast No. 1 in that a 
large portion of the copper was converted into the soluble form. The 
amount of soluble iron would probably have been decreased if the 
roasting had been continued for a longer period. The calcine from 
this roast was a full brick color and a microscopic examination failed 
to reveal any undecomposed sulphides and few magnetic particles. 

The analysis of Roast No. 2 indicates that the finishing tempera- 
ture was not high enough Although the copper extraction is fairly 
high, the tailing runs 2*/f sulphur, showing that there are still unde- 
composed sulphides ])resent The amount of water soluble copper 
sulphate could also be reduced by a higher finishing temperature At 
the same time the amount of soluble iron should be reduced 

Roast No 3 is similar to No 1 Tn No 4 the finishing temperature 
w’as sufTiciently high to decompose much of the cupric sulphate. How- 
ever, there is still considerable copper present in the form of the basic 
sulphate as shown by the high sulphur content of the water leach 
tailing The extraction of coi)per is good, despite the high tempera- 
ture, and all but a small percentage of the iron is insoluble. This 
again shows that it is possible to roast at a temperature high enough 
to decompose copper sulphate, but the temperature must bo controlled 
\ery closely or there is danger of forming ferrates This is illustrated 
by Roast No. 5 where the temperature was allowed to go to 700“ C 
for a brief period, with the result that the extraction of copper de- 
creased considerably 

Roast No. 6 has been greatly ewerheated, resulting in the forma- 
tion of considerable ferrate. The overheating took place during 
the first stage of the roast That is, the initial temperature of the 
muffle was too far above the ignition temperature of the sulphides 
and their oxidation took place so rapidly that overheating resulted. 

Roast No. 7 is included in order to show the effect of not roasting 
for a sufficient length of time The greater part of the copper is 
soluble and considerable CuS 04 has been formed, but the tailing is 
high in undecomposed sulphides as indicated by the high sulphur 
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content. The formation of ferric oxide is not complete and a large 
part of the iron is still soluble This is also true of Roast No. 8 
which was continued for a sufficient length of time, but at too low a 
temperature to convert all of the iron into ferric oxide. The copper 
compounds, however, arc soluble. 

Roast No. 9 is the same as No. 8, except that the calcine has been 
returned to the furnace and heated for three additional hours at 670° C. 
The result is that the copper sulphate has been almost entirely de- 
composed with the formation of basic copper sulphate There is still 
considerable soluble iron, showing that the transformation to the in* 
soluble form is quite slow at this temperature 

The analytical results in all of these tests check very well, al- 
though there are discrepancies in several cases. 

All roasting tests .show that there is an increase in weight of the 
calcine over the weight of the original charge, the aim’nmt of increase 
varying with the different conditions of roasting The reason for this 
can be illustrated by the following equation representing tiu* principal 
roasting reactions: , 

2 CuFeS, 4' 70,. = Cu( ) 4 CuS( h 4 Fe.Oa + 3 SO, 

2(184) ^80 -f 160 )- 160 

The total W(‘ight of solids therefore increases from 368 units to 400 
units, or a 2000 gram saiiqile would increase to 2,1 7.S grams This is 
assuming that 50% of the copper is in the form of sulphat(‘ If less 
sulphate is formed there will be a corresjiondingly smaller increase in 
weight The im rease will also be changed if any of the ir(m exists 
in another form, and if other compounds arc tirescnt that are not ac- 
counted for in the above reaction 

Heat Evolved During Roasting of Chalcopyrite, and Heat Control of 

Furnace. 

In roasting for leaching tnirposcs the ideal result is attained if all 
of the copper is converted into a form that is soluble in dilute acid, 
and at the same time all the iron is made insoluble. The total reaction 
involved in doing this may be summed up as follows: 

2 CuFeS^ = CmS + 2 FeS 4“ S 

Cu.S 4 2 FevS 4 S 4 70., ^CuO + CiuSO^ -4 Fe.O, + 3 S( b 
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20,300 + 2(24,000) -f 0 + 0 = 37,700 + 181,700 + 197,700 + 3(69,260) 
Therefore 

— AH = 556,580 calories. 

or 278,290 calorics arc hbcralccl from the roasting of 1 gram molecu- 
lar weight of chalcopyritc at about 18° C. Since the reactions actually 
take place at higher temperatures this quantity is not exact, but it is 
sufficiently close for our purposes. The exact values would differ 
from the one given by the difference in heat capacities of the react- 
ants and products 

The actual heat evolved in a roasting operation of this kind would 
also differ from the value given, because the reaction assumed in this 
calculation is an ideal one Furthermore it was assumed that 50% of 
the copper in the roasted product exists as oxide and 50% as sulphate 
With the ordinary roast, where the calcine ctintains about 8% sulphur, 
this will be approximately true, although it is of course a variable 
quantity. This does not mean that the average roast will contain .50% 
of water stiluble copiier sulphate, because considerable of the sulphate 
radical in any roast will exist as basic stilphate which is not water 
S(jluble As the amount of sulphur in the calcine decreases the amount 
of sulphate radical will decrease accordingly, which will of course also 
change the heat evolved 

The 278,290 calories of heat e\olved per gram molecular weight 
of chalcopyrite is ecpii valent to 1515 calories per gram of chalcopyritc 
Considering that the concentrate is 90% pure this would be 1364 
calories evolved per gram of concentrate. Under ordinary circum- 
stances this would be sufficient to make the concentrate self roasting 
in present day multiple hearth roasting furnaces, if it were not for 
the fact that the roast must be conducted within certain temperature 
limits, as previously discussetl, in order to produce a soluble calcine. 
Any effort to conserve the heat, the most of which is liberated in 
the early stages of the roast, (sec Figures 7 and 8) would result in 
over-heating. In fact, it may be necessary to install some method of 
cooling in the first hearths of the furnace in order to prevent this, and 
also to devise a means of preventing too rapid oxidation of the mater- 
ial as it drops from one hearth to the next On the other hand it 
will probably be necessary to supply heat to the lower hearths, be- 
cause the reactions which are taking place during this stage of the 
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roast do not evolve much heat; many of them, such as the decompo- 
sition of CUSO4, actually being endothermic. 

During the laboratory tests it was not found necessary to use 
any method of cooling in order to prevent overheating. Observations 
of the roast during the most intense liberation of heat showed the 
calcine to be of a dark red color, or about 600° C to 625° C. Addicks* 
states that in small scale laboratory roasting of sulphides it is prac- 
tically impossible to prevent overheating, due to the rapid oxidation 
of the sulphur. However, no trouble at all was experienced in this 
way, despite the fact that the concentrates used were of higher grade 
than those used by him That is, they were higher in copper How- 
ever, his concentrates contained a great deal of iron pyritc so that 
the total sulphur content was about the same T^yrite loses sulphur 
somewhat more rapidly than chalcopyrite, and it is p(»ssiblc that this 
is the reason that overheating resulted in his laboratory experiments 
With the present knowledge of selective flotation there are few copper 
concentrates that contain much pyrite, so that this difTiculty need no 
longer be troublesome. 

2. Leaching Tests 

Small Scale Tests: 

Small scale leaching tests were carried out by using 400 grams 
of roasted calcine and about 1800 to 2000 ec of solution in the ap- 
paratus previously described. The first of these, the results of which 
are given in Table No 6, were designed to show how the iron would 
build up in the solution by using it repeatedly if no atteni])ts were 
made to purify it. In these tests the voluiiH* was kept constant at 
1800 cc , evaporation losses being made up fc^r by the addition of 
water. No solution was discarded between leaches, the excess of acid 
regenerated by electrolysis being neutralized by the addition of 
calcium oxide. The results show that while the iron in the solution 
increases slowly with each leach, it does not increase as fast as would 
he expected from the analysis of the amount of acid soluble iron in 
the calcine This acid soluble iron was determined by the method 
described under “Analytical Methods,” and would indicate that there 
would be an increase of 8 4~^ 1.8 or 4.7 grams of iron per liter during 

® Possibilltiefl in the Wet Treatment of Copper Concentrates,” hy Lawrence Ad- 
dicks; Transactions A. I. M. E., Vol. LV, 1916. 


24 





each leach. As can be seen from the results the increase was only a 
fraction of this amount, showing that the solubility of the iron is 
much less in an acid solution containing a fairly high concentration 
of copper and some iron, than in one which does not contain any. 
This fact was noted in all the leaching tests, and has also been men- 
tioned by Middleton" 


Table 6. Illustration of How the Iron Content of the Leach Solutions 
Increases, if They Are Used Repeatedly Without Being Purified. 
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The results of the tests given in Table No 6 showed that the 
concentration of the iron would increase as the solutions were reused, 
and consequently it would be necessary to devise a method of getting 
rid of it, or it would increase to such a point that electrolytic precipi- 
tation of the copper would nt>t be practical. To do this it was decided 
to try the following method of leaching as former tests had indicated 
that it would give good results- 

1 The calcine is first leached with just enough solution that 
all or nearly all of the acid is neutralized At the same time MnO^ 
may lie added m order to oxidize the ferrous iron in the solution 
to the ferric state 

2, SufFicient calcium oxide is now added to complete the neu- 
tralization, if necessarv, and to precipitate the ferric iron This 
latter reaction is quite rapid after neutralization has been afTected. 
The entire charge is now' neutral leached for several hours 

3 Knough more of the original solution is now placed in the 
agitator to build up the acidity to about 3 or 4% H‘.vS()4 This has 
been found to be high enough to get a good extraction of the cop- 
per. Agitation is continued for one to two hours with this acid 
strength in order to insure the solution of all the soluble copper 

•P. C Middleton, “Mining and Scientific Press,” August 2, 1919 
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Results of twelve small scale leaching tests conducted in this way 
are given in Table 7 (see insert). In these tests the solutions were used 
repeatedly. That is, the solution from one leach was electrolyzed, with the 
deposition of copper and regeneration of the sulphuric acid sol- 
vent, and the resulting solution used as the lixiviant for the next 
leach. In most cases all of the solution was not reused, as it was 
necessary to discard a small amount after each electrolysis in order to 
prevent the acid concentration from becoming too high. In other 
words, more acid was regenerated in the electrolysis than was needed 
for the next leach, because of the presence of sulphate in the calcine. 
The amount of the discard each time is shown in the table by the 
difference in the total volume of the solution at the end of a leach, 
and the total cc of solution added to the next leach. The amount 
discarded was kept at a minimum by the addition of calcium oxide 
during leaching, which neutralized mo^t of the excess acid In fact in 
some cases too much CaO was added, and it was necessary to add 
concentrated sulphuric acid during the last part of the leach in order 
to make the acidity high enough to insure solution of all the soluble 
copi)er The results indicate that the question of getting rid of the 
extra acid regenerated will not be a difficult one to solve, as it can be 
entirely neutralized with lime A small by-i)ass at the end of each 
electrolysis may also be desirable as this would keep the solution fresh. 

The results given in Table 7 check very well although there are 
some variations Particular care w'as taken to keep the volume of the 
solutions as constant as possible in order to obtain check results, but 
the difficulty of doing this, due to evaporation losses, will account 
for some of the discrepancie.s Wash water was usually added t(^ 
make up for evaporation losses The tails from each leach were 
thoroughly washed, and the wash water added to the solution in order 
to reduce the loss of copper as far as possible. In some cases it was 
necessary to boil this wash water down before adding it to the solu- 
tion in order to prevent the volume from becoming too great. The ex- 
traction of copper is based on the assays and weights of the heads 
and tails, and nc)t on the analyses of solutions 

The column in Table 7 labeled “cc. of water added” gives the 
amount of water put in the agitator at the beginning of the leach, the 
purpose of this being to keep the strength of acid that first comes in 
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contact with the calcine as low as possible. The exact procedure of 
leaching will probably be more clear if a single leach is described in 
greater detail. For example, in Leach No 5, 500 cc. of water was 
first placed in the agitator, along with approximately 200 grams of 
the calcine About 1000 cc of the solution was now slow’ly added .and 
also the remaining 200 grams of calcine and 2 grains of MnOa The 
solution was now heated and leaching continued for about one hour, 
or until most of the acid was neiUrali/tal Ten grams of CaO were 
now .added, and leacbmg continued for four hoiir'^ At the end of this 
time the solution was reacidified by the addition of 700 cc more of the 
original solution, and leaching was continued for four more hours 
'^riie iii(‘thod Used in all of the other le.aches was wry similar to this, 
although the time of neutral leaching \aried somewhat 

Later tests showed that the importanc(‘ of keeping dowm the 
strength of acid m the first jiart of the leach was not as great as wais 
originally supposed, because tlu' copper dissohed imicli more r.’ipidly 
than tile iron, with the result that the arid w^as neutral i/ed Ix'fore an 
aiipreciahle amount of iron entered the solution Tt would therefore 
not ho necessary to add W‘ater at the beginning of the leach. 

The results of iiartuular interest in Table 7 are that the iron did 
not increase any more after a concentration of about .5 5 grams per 
liter was reached, and indeed m some cases actually decreased In 
those cases where the tontent decreased, it w’as noted that lli(‘ time 
of neutral loathing was longer, which led to the belief that th(‘ solu- 
bility of the ircm afttr preci])itatK>n was a function of the length of 
time it remained in the ff)rm of the precipitated hvdroxule i\ refer- 
ent i* to this has het‘ii found m the literature which states that “pio- 
eipitated iron and ahimiiuim hydroxide are not easily rctlissolved in 
W'oak acid stilulion after a period of standing ” 

To test this ellect tA\(» dilTerent It'at lies were run In one the 
solution was reacidified immediately after the i)reei])itation of the iron 
was complete In the other the iron was ])recipilated and agitation 
ctintnmed for a period of 72 hours before rt'aeidi f\ ing In the first 
case it was found that all of the iron reclissolved when the acid 


'* “Purification of Copper Sulpliate Solutions” by Tillery and Ralston, Technical 
paper No, 359, U. S Bureau of Mines; pp 40. 
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strength was increased to about 3 %. No additional iron entered the 
solution, however. 

In the second case the analyses of the solution at the start showed 
8.7 grams of iron, 10 1 grams of copper and 123 grams of sulphuric 
acid per liter. 1000 cc. of this solution was agitated for 2 hours with 
400 grams of calcine, after which 40 grams of CaO was added and 
leaching continued for 72 hours. Five grams of MnOs was also added 
at the start in order to oxidize all the iron to the ferric state. After 
the first four hours of neutral leaching the solution was tested and 
found to contain only 0.3 grams of iron per liter so that precipitation 
was nearly complete. After the 72 hours of neutral leaching the solu- 
tion was reacidified by the addition of 500 cc more of the original 
solution. Agitation was then continued for two hours at the end of 
which time the solution was found to contain 3.3 grams of iron per 
liter and 2.0% free acid. The acid concentration was now increased 
by several additions of concentrated sulphuric acid. After each ad- 
dition the charge was agitated for 2 hours and the solution again 
analyzed in order to determine how much iron redissolved for each 
acid strength. The following results were obtained: 

Strength of Acid .Amount of Iron Redissolved 

2.0% 3.3 g /I. 

3.4% 4.4g./l. 

4.5% 5.2g./l. 

5.7% 6.5g./l 

This shows that the amount of iron redissolved is a function of both 
the length of time it remained precipitated and the strength of the 
acid. It also shows the possibility of keeping the iron content of the 
solution at any desired point by varying the time of neutral leaching. 

Large Scale Laboratory Leaching Tests: 

The results of leaching tests, using from 2500 to 3600 grams of 
Index Concentrate ,arc given in Table 8 (see insert) The leaching appara- 
tus shown in b'igure 2 w^as used for these runs. The results in general 
check verv well Avith those obtained in the smaller scale tests, but 
due tr c.iiain mechanical difliculties and the faulty design of the 
agitators, it wa^ impossible to exercise the same amount of control, 
so that there are discrepancies due to evaporation, poor agitation, and 
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mechanical losses of the solution. These mechanical troubles can be 
overcome. 

The iron content is shown to increase slowly with each leach. 
This was retarded considerably by the amount of solution discarded 
each time, which was considerably Rreater than in the small scale tests 

General Considerations: 

The results of all leaching tests have shown that under the con- 
ditions of leaching employed, it is possible to maintain the concentra- 
tion of iron in the electrolyte at about 5 grams per liter without great 
difficulty. This concentration could be decreased somewhat by ex- 
tending the time of neutral leaching, but it is not believed that this 
will he either necessars or desirable With this concentration of total iron, 
the concentration of ferric iron during electrolysis will be about 4 
grams per liter or less, with which amount it will be possible to get 
a current efficiency of deposition of alxmt 85% With a lower con- 
centration of ferric iron the efficiency would be inert but not to a 
great extent, and the added cost of obtaining the more pine (dcctrolyte 
would probably more than offset the advantage of increased efficiency 
Also it has been pointed out by several metallurgists that a certain 
amount of iron is not only beneficial but necessary for proper depolar- 
ization and anode protection 

It is also possible that in cases where cheap power is available, 
it will be desirable to let the concentration of iron increase to as much 
as 10 grams per liter, in which case the time of neutral leaching 
could be shortened or done away with altogether The point is that 
the iron can he controlled at nearly any concentration desired. 

The calcium oxide added to the leach served a twofold purpose 
It not only provided a rapid means of precipitating the ferric iron, hut 
also neutralized much of the excess acid regenerated in electrolysis. 
Its use for this purpose eliminates the necessity of a by-pass of a part 
of the solution at the end of each leaching cycle, although a small by- 
pass may be desirable in order to keep the solutions fresh. 

The only purpose of the addition of manganese dioxide to the 
leach was to oxidize the ferrous iron to the ferric state, so that it 
could be easily precipitated. Ferrous iron is precipitated slowly and 
after precipitation the hydrate is immediately redissolved when the 
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solution is reacidified. However, it will not be necessary to add this 
manganese dioxide unless desired. The result of not adding it will be 
that the ferrous iron will remain in the solution and consequently the 
concentration of total iron will be higher for a given period of neutral 
leaching. 

In these considerations so far it has been assumed that the results 
of laboratory roasting can he duplicated on a commercial scale. 
Whether or not this can he done will of course only he proven after 
a thorough trial. However, it is believed that with a properly con- 
structed multiple-hearth furnace, fed with a uniform clean product 
containing but little FeS-, there is no reason why a close temperature 
control cannot be maintained. Again, the tendency in all metallurgical 
operations at the present time is toward closer control of variables, 
so that under the pressure of necessity, it is quite probable that such 
improvements as are necessary to give close temiierature control in 
roasting (gierations eati he made Some metallurgists, in commenting 
upon the relation between laboraloty and commerci.il roasting results, 
maintain that with the best of care in both, an allowance of from 5^/e 
to 10% less extraction on a large scale, has to be made for roasting 
under conditions such as are contemplated Tins would reduce the ex- 
traction considerably However, it should be pointed out that in the 
roasting tests included in this report, the best possible care in the 
laboratory was not exercised Furthermore, the leaching solutions 
were used over and over again, which was not an ideal condition, so 
that the results obtained should not be far dilTerent from those that 
could be obtained commercially, esiiecially with the present-day ad- 
vantages of improved furnac(‘s, agitators, thickeners, and filters, all 
working continuously and with the minimum of labor and trouble 

A tremendous develo]>nienl has come about in the available ma- 
chmeiy for a hydrometalliirgical ])roc('ss for ]>roducing electrolytic copper 
direct from present day high grade flotation concentrate. Selective 
flotation has made it even more possible Those of us who have ex- 
perienced these vast ini])rovements in mill and metallurgical ma- 
chinery, during the past thirty years, realize what further advances 
arc possible 
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3. Elcctrodeposition Tests 


The results of electrolysis of the solutions from the leaching tests 
given in Table 7, arc shown in Tabic 9 (see insert). Tn this tabic the cur- 
rent efficiencies and voltages recorded are the averages obtained for the 
entire run, the voltage being measured as the drop between anode and 
cathode only. The current efficiency is shown to vary with the concentra- 
tion of ferric iron in the electrolyte In general, the results agree quite 
well with the values given by TVfiddleton'* for the effect of ferric iron 
on current efficiency, although our values in many cases arc some- 
what higher. This could be accounted for by taking into considera- 
tion any differences in the composition of the electrolyte, rate of depo- 
sition of the copper, or other variables. 

The results of the electrolysis of the solutions from the large 
scale laboraloiy leaching tests are shown in Table 10 (see insert). These 
results are nt»t a'> accurate as those of the smaller tests although the 
two agree quite well 

In all of these tests the deposit was smooth and firm so long as 
the circulation of the electrolyte was maintained and the concentra- 
tion of the copper therein was not allowed to become so low that it 
could not be siqiplied to the calliode as fast as it was being deposited 
If this happencel the deposit beeame red and pulverulent. For ex- 
ample, in Test No. 8, Table 9, the concentration of copper was reduced 
to 4 5 grams per liter which was so low that with the rate of circula- 
tion used, a deficiency of copper in the vicinity of the cathode re- 
sulted, and the deposit was no longer firm. In the larger scale tests, 
where the rate of circulation was less, the copper could not be firmly 
deposited below about 12 grams per liter, if the same current density 
was used The iioint to which the copper content can be reduced 
during electrolysis wull thus depend upon the rate of circulation and 
current density employed. Where the solutions are used over and 
over again this factor is not so important. However, if a by-pass is 
used, it is desirable to reduce the copper content of the waste solution 
as low as possible eleclrolytically before running it over scrap iron 
to remove the last traces. In a laboratory test, using a solution con- 
taining 1 0 grams of iron per liter, which was vigorously stirred, the 

® See our Progress Report No. 1. 
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copper content was reduced to 2.4 grams per liter and a firm deposit 
still maintained. A current efficiency of 78% was obtained during the 
interval of deposition when the concentration of copper was reduced 
from 4 grams per liter down to 2.4 grams per liter. The current den- 
sity was 10 amps, per square foot. 

During the deposition tests no corrosion of the lead anodes could 
be noted, although the time of use was probably not long enough to 
determine effects of this kind. During electrolysis the anodes became 
coated with a scale of manganese dioxide, which peeled off readily and 
formed a small amount of sludge in the bottom of the cell. 

The power consumption in pounds of copper deposited per kilo- 
watt hour is aliiK^st constant It depends upon the current efficiency 
and voltage. The latter varies with the temperature and composition 
of the electrolyte, current density, spacing of the electrodes, and the 
nature of the anode surface. During a deposition test the voltage 
would be quite high at first, and would then decrease as the concen- 
tration of acid in the electrolyte became higher During the last part 
of the run it would increase due to the decreasing concentration of 
the copper 

Several tests were run in order to determine the effect of variables 
on voltage and current efficiency Tables 11 and 12 show the way in 
which the voltage and current efficiency varies during the progress 
of depositing the copper from a sulphate solution. These solutions 
contained 1.2 grams of iron per liter, and the anodes were spaced two 
inches from the cathodes In Table 11 the solution was vigorously 
stirred while in Table 12 it was not stirred at all. Both tables show 
the limit to which the copper could be deposited, under the conditions 
given, and still maintain a smooth and adherent deposit. 

Figures 13, 14, 15, and 16 show the effect of other variables on the 
voltage drop between anode and cathode. In these tests the distance 
between the anode and cathode was kept constant at two inches, and 
the lead anodes were well peroxidized It was found that the latter 
precaution was necessary because, if new lead anodes were used, the 
results would be very erratic due to surface changes. The use of well 
peroxidized lead anodes reduced this effect to a minimum although it 
did not entirely overcome it. 
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Table. 11. Klectrodeposition of Copper from a Sulphate Solution. 
Current Density = 32 amps, per sq. ft. 


Solution 
Gms. Cu. 
Per Liter 

Solution 

% 
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Table 12. Electrodeposition of Copper from a Sulphate Solution. 
Current Density — 12 amps, per sq. ft. 


Solution 
Gms Cu 
Per Liter 
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% 

H,SO, ! 
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12.0 

1 9.1 
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2.2 
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1 0.93 


Figure 15 shows the desirability of increasing the temperature 
of electrolysis somewhat in order to decrease the power requirements 
There will be a maximum temperature of course, governed by other 
considerations, beyond which it will not pay to go. The increase in 
temperature would also increase the effect of the ferric iron so that 
this is one of the factors that would have to be considered. 
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Voltage 



Figure 16 Variation in voltage drop between anode and cathode with the 
current density. Numbers at top of curves refer to temiierature in degrees 
centigrade. 


each test. The preliminary treatment of the residues, prior to cyanida- 
tion, varied with the different runs. Some Svere cyanided directly, 
some were given an acid wash with 10% some a strong alkaline 

wash, and some an acid wash followed In an alkcdine wash In all cases the 
acid wash was followed hy water washes The results show' that an acid 
wash, followed by water washes and then an alkaline wash, will be 
necessary if the cyanide consumption is to be kept down The reason 
for this is evident. The original residues coming from the copper 
leaching plant contain both acid and copper which are c\anicidcs, and 
if they are cyanided directly, wdthout preliminary treatment, the con- 
sumption of cyanide will be high The higli acid leach, followed by 
the water w^ash, removes most of the cyanicide copper, and consequent- 
ly the consumption of cyanide is greatly decreased The final alkaline 
wash neutralizes the remaining acid, and the consumption of cyanide 
again decreases considerably. 

fn the cyanide tests, leached residues containing considerable copper, 
were purposely used so that the results should show the maximum 
consumption of cyanide. Leaching the residues with a 10% solution 
of sulphuric acid, as a preliminary treatment, does not remove all of 
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Table 13. Analyses of Leached Residues 


Sample 

% Cu 

% Fe. 

1 Gold, oz /T. , Silver, oz./T. 

No. 1 — From Index Concentrate 

2.2 

1 

1 43.5 

0.03 

6.6 

No. 2 — From Utah Concentrate 

1.0 

1 57.5 

0.33 

4.2 

No. 3 -From Utah Concentrate 

i 2.4 

1 54.0 

0.30 

5.0 

No. 4 — From Utah Concentrate 

1 4.5 

1 49.1 

0.30 

1 4.6 


Table 14. Cyanidation of Leached Residues from Utah Concentrate. 
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0.43% NaCN 
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r> I 

1 

0.43%, NaCN 

1 

12 21bs/T 

— 

1 — Washed with NaOH, fol- 

lowed by water washes 

6 

0.43%r NaC\N 

ll.Olbs/'r 


Leached with 10% 

n.S 04 , followed by 
water washes. 


0.43%. NaCN 

6.0 Ibs/T 



1 

Leached with 10% 
H.S 04 , followed by 
NaOH, and water 
washes. 

8 

0.43%, NaCN 

3 69 Ibs/Tl 

1 

95.1 

1 56.2 1 Same as No. 7 except 

more water washes. 

9 

0.43% NaCN 

3.0 lbs, 'T 

96.5 1 

1 

48.1 ' Same as No. 8 except 

1 more water washes. 


Note: All samples leached S hours except No 8, which was leached 22 hours 
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the copper, but apparently it removes nearly all of the cyanicidc cop- 
per. This is shown by the fact that in Test No. 3 the original residue 
assayed 3.4% copper, and after being leached with 10% H-SO 4 , it still 
contained 2 8 % copper. Yet, after an alkaline wash, this material was 
cyanided with a consumption of 9.1 lbs KCN per ton, which, figuring 
on the basis of equivalent amounts of CN, is equal to 6.8 lbs. NaCN 
per ton. Again the residues from Test No. 8 and No 9, after cyani- 
dation, assayed 3.7% copper, and yet the cyanide consumption was 
only 3 and 4 lbs per ton. 

The tests that were run show that it is possible to recover the 
gold and a part of the silver values from the copper leached residues 
without an excessive consumption of cyanide, if they are given the 
proper preliminary treatment. Of course, this preliminary treatment 
and the actual cyanidation will be an added expense, and in the case 
of many Arizona copper concentrates the values retovered will not be suf- 
ficient to make it pay The expense of the strong acid wash should 
not be great, because it can be accomplished by the agitation of the 
residues with the by-pass or waste solution from th(‘ copper electro- 
deposition tank house. This method of trcanient would also recover 
a part of the copper from the residues, and add fo the total extraction 
of the plant. 

In any case the copper leaching plant residues sliould not be 
discarded, but should be stacked for some future treatment They 
are possibly not only valuable for the gold and silver values contained 
therein, but also as a future source of iron It is doubtful if this iron 
could be extracted at a profit from such a product under present 
market and metallurgical conditions, but the high iron content may 
make it worthy of some future con.sidcration 

ECONOMIC CONSIDERATIONS 

In order to determine whether a process of this kind is of more 
than laboratory or acadeniic interest, a careful investigation of the 
cf)sts involved must be made, and these costs compared with the cost 
of producing electrolytic copper by present methods. This is a difficult 
thing to do because the majority of the copper comiianies do not publish 
tluir production costs However ,from an examination of the available 
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figures the roncliision is drawn that the present day smelling, con- 
verting and refining i)rocess costs from 2 0 to 4 5 cents per pound of 
electrolytic copper produced. 

The only way of getting at the costs involved in the process out- 
lined in this report is to compare it with other similar hydronictal- 
lurgical operations such as the cyanide process for gold and silver, 
the electrolytic zinc process, and the copiier leaching ]>rocess as it is 
applied to the treatment of low grade oxidized ores. From such considera- 
tions the following estimate is submitted as to the probable cost of recover- 
ing electrolytic co])peT ironi coiipt'r flotation concentrate by the 
method outlined- 


Table 15. Estimated Cost of Treatment of Copper Mill Concentrate 
Containing 30% Copper. Copper Extracted — 95% 



Tons (%»nc<‘nli 

1 

ale Ti eated 

ISt 24 Houis 

.■„sl .,f 

1 

:)0 1 

aOO 

lOOd-UOOO 

Roasting 

1 

$ 1.50 1 

o 

o 

$0.60 

Leaching 

3.50 

2 00 

L50 

Electrodeposition 

1 7.50 i 

r>.50 

i 4.00 

Total cost per ton of concent ratej 

$12 50 ! 

$8.20 

$6.00 

Total cost per lb of Cu. recovered 

2.2 cenl s 1 

1.4 cents 

1 0 cents 


N B Electric power costs esfimated at % cent tf) 1 cent per kw hr 


The estimated cost of this Icachmg method is from 1 cent to 2 2 
tents per in)inul, as against 2 0 cent‘^ to 4 5 cents per pound of electro- 
lytic t(jpper for the ‘lim iting method The gold and silver \ allies are 
of course not recovered dn ectly by acid leaching so that they must bo 
added to this total cost, or at least the cost of recovering them by 
cyanidation must be added Howevei, there are many sulphide copper 
on*s in the United Istates and elsewhere that contain only negligible 
quantities of gold and siher, and these should be particularly amenable 
to this leaching jirocess Table No lb (see insert) shows the average value 
of the gold and silver in the Mister copper produced by several companies 
The figures in this table lia\e been calculated from the data of the 
Mines Handbook for 1931 Tables No 17 and No. 18 also show figures 
for the value of gold and silver recovered from American copper ores 
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Table 17. Copper Ore Produced and Average Extraction Value of Gold 
and Silver per Ton of Ore in 1929, by States.* (Smelting Process) 


state 

Short Tons 

Average 

value 



extracted 

Arizona 

25,669,975 

$0.28 

Utah 

17,895,332 

0.21 

Nevada 

6,572,404 

0.23 

New Mexico 

4,114,187 

0.12 

Montana 

3,802,976 

1.19 

California 

1,080,355 

0.65 

Tennessee 

826,300 

0.07 

Alaska 

590,400 

1 0.32 


Lbs. Copper 

Au. & Ag. value 
(cents) recovered 

produced* • 

. J 

per Ib. Cu. 

82f9, 206,476 

0.24 cts. 

325,965,289 

1.15 

138,990,247 

1.09 

100,166,206 

0.43 

299,894,853 

1.50 

33,084,232 

2.12 

39,867,940 

Very small amount 
0.47 


*U. S. Bureau of Mines Bulletin, 19;n, “Gold and Silver in 1929.” Pape 891. 


••Mines Handbook 1931 


Table 18. Copper Ore Produced in the U. S. A., and Average Ex- 
traction Value of Gold and Silver per Ton, 1920-1929.* (Smelting 
Process) 


Year 

' Short Tons 

Au. & Ag. 

value 
extracted 
per ton 

1 Total lbs Cu. 

: produced** 

Au & Ag 
value (cents) 
per lb. copper 

1906 

1 

1 

1 $1.66 

1 917,805,682 

1 

1920 

32,447,410 

0.62 

1 1,209,061,043 

1.3 

1921 

10,930,888 

0.54 

t i>05,586,098 

1.1 

1922 

23,356,128 

0.56 

1 950,285,947 

1.3 

1923 

41,596,309 

0.42 

1,434,999,962 

1.2 

1924 

44,887,379 

0.39 

1,634,249,192 

1.0 

1925 

! 47,186,114 

0.42 

1,674,869,886 

1.1 

1926 

51,064,058 

0.36 

1,739,622,094 | 

1.0 

1927 

49,966,438 

0.32 

1 1,684,040,983 

0.95 

1928 

55,870,147 

0.31 

j 1,825,900,393 

0.95 

1929 

62,140,833 

0.31 1 

1 2,002,863,135 

0.96 


• IJ. S Bureau of Mines Bulletin, 1931 “Gold and Silver in 1929 ” Page 893 
♦♦Mines Handbook 1931 


It is intcrcstiiifA to note in 'I'able Nt> 18 that these values are decreas- 
ing every year 

The cost of producing electrolytic zinc by electro-hydromctal- 
lurgical methods varies from 1 9 cents to 2 1 cents per pound 
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The cost figures as given here are believed to be accurate insofar 
as it is possible to gather them from the available published data 
However, it is realized that there are conditions and limits to the ex- 
tent of their application Any additional cost figures or corrections 
would be welcome. Discussion of the economic phase of this problem 
is cordially invited 


CONCLUSIONS 

From the results obtained, the following conclusions are drawn* 

1. By a careful control of the roasting temperatures, a calcine can 
be produced in which over 95% of the copper is in a form that is 
soluble in a 4% solution (^f sulphuric acid At the same time all but 
2 % to 5% of the total iron can be made insoluble The temperature 
control necessary is no greater than can be attained by the careful 
operation of present-day multiple hearth furnac(‘S of the type used in 
smelters 

2 There is little advantage in using a solvent stronger than 3% 
or 4% H 2 SO 4 With higher strengths of acid the copper extraction is 
increased a small amount, but the advantage gained is more than ofT- 
set by the disadvantage of the increased amount of iron that is dis- 
solved 

3 The amount of iron in the electrolyte increases very slowly, 
even if no attempt is made to purify the solution, provided that the 
roast has been properly conducted The solubility of the iron is much 
less in old solutions than in fresh ones. 

4. The amount of iron in the electrolyte can be readily controlled 
It is easily precipitated from the neutral solution by calcium oxide, 
and the precipitated hydrate is not all redissolved in the strength of 
acid necessary to extract the copper. 

5. The solubility of the ferric hydrate after precipitation is a 
function of the strength of the acid solution and the length of time 
it remained precipitated. It is also probably a function of the amount 
of iron already contained in the leach solution 

6. No attempt should be made to keep the iron content below 
four or five grams per liter. This can be readily done, and at this 
concentration it is beneficial rather than detrimental. 
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7. The excess acid regenerated during electrolysis, due to the 
presence of sulphate in the roast, can easily be neutralizd by milk of 
lime. At the same time the latter can be used as a hydrolytic agent 
for the precipitation of iron from the solution. This does away with 
the necessity of a by-pass, although a small amount may be desirable 
in order to keep the solutions in good condition. 

8. The use of MnO*. as an oxidizing agent is not necessary, unless 
it is desired to precipitate all of the iron from solution. Approximately 
75% of the iron in the solution after electrolysis is in the ferric form 
and can be precipitated without the use of any Mn 02 . 

9. Electrolysis of the solutions containing as high as five grams 
of iron per liter does not present any diflficulty. A high grade and 
firm deposit can he produced with a power consumption of les«; than 
1 kw hr. per pound of copper. 

10. If a by-pass is used, the copper remaining in the solution after 
electrolysis can be readily precipitated as cement copper on sponge 
iron. The cement copper can be roasted to the oxide form and 
turned back into the leaching tanks, so that the only product of the 
plant is practically pure electrolytic copper Tlu\ sponge iron can he 
cheaiily inamifaolured from the copper leaching jilant residues as they 
contain a high ])erceiitage of iron 

11. Where the gold and silver values in the copper leached residues 
are sufficiently high, they can be cyanided with a consumption of less 
than five pounds of NaCN per ton. Tn order to do this the residues 
must first be given an acid wash with 10% HaSOi solution, followed 
by water washes, and then an alkaline wash If the washing is suffi- 
cient, practically all of the cyanicides will be* removed by this method 
of treatment There may still be cori'-iderable copper i)rcsent, but it 
will not act as a cyanicidc. 

The results show that it is possible to produce high grade electro- 
lytic copper on a laboratory scale bv the method outlined. Experience 
has shown that laboratory results can be closely duplicated on a com- 
mercial scale, if the same conditions as far as possible arc observed 
This is sometimes difficult to do, but the problem can be solved by 
improvements in eciuipmcnt or, if necessary, the invention of new 
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machines. Hydromctallurgical equipment has already been developed 
to a high degree, due to the introduction of the cyanide process for 
gold and silver, and to the electrolytic zinc process, so that the appli- 
cation of this method of treatment to the recovery of copper from 
mill concentrate is greatly simplified 

The economies of the ])rocess should be given very careful con- 
sideration Selective flotation, the key to this problem, has advanced 
to such an extent that a high grade copper concentrate is now avail- 
able for treatment These finely divided concentrates are well adapted 
to treatment by this leaching process. 

In a good many cases a considerable saving is possible, in other 
cases it will be necessary, (d course, to debit the cost of precious 
metal recovery against the economies made m copper rc'covery by this 
newly applied method for concentrate In many cases this may prove 
a deciding factor It is a very practical subject for research, and it 
would appear that the battle for lower cost of production for Ameri- 
can copper must be fought all over again 

TyCt it be understood, however, that the tests as given in this 
report are of a laboratory nature, and that ^ the next stage in the de- 
velopment of our process should b(‘ the erection of a continuously 
operating pilot-plant to check these results on a commercial scale 
Lack of funds makes it impossible for us to carry on c^xperiments of 
this size in our laboratories However, it is hoped that enough interest 
will be created in this process st) as to make sufficient funds available 
for our continuation with this work 
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The Relative Lubricating Values of Automotive Oils 


by 

Howard H. Langdon* 

INTRODUCTION 

Many users of aiitoiiiotive equipment have written to the State 
CollcRO of Washiii)^ton wishinjy: to know what features arc inij)ortant 
in considering the choice of a lubricant. 

It is the purpose of this study to answer these (|Uestions as fully 
as possible by reporting the results of a scries of tests made in the 
laboratory and of other tests made on equipment in normal operation 
in the field. A large amount of data has been obtained that will be of inter- 
est to the practical user, and, in addition, data that arc important to 
those concerned with the technical phases of automotive lubrication 
Inasmuch as this report is of a practical iiatun*, intended to enlighten 
the non-technical user, only those experimentally determined fact‘s 
that are of vital interest to the ultimate user will be given. No state- 
ments arc made unless there is cxjicriniental evidence to substantiate 
them, except of course where the opinions of other investigators ari' 
quoted. Technical terms which may be confusing will be avoided 
whenever possible. 

Technical details of this study are published in Bulletin No. 42. 

CHOOSING A LUBRICANT 

The buyer of a lubricant for automotive engines is i uiifrontcd 
with the necessity of choosing between four general types of mineral 
lubricating oil as well as between several dificrent grades of each 
type. These four types are: 

A. Asphalt or “Napthcnc” base, commonly known as Avestern 

B. Mid-Continent 

* The writer is indebted to Homer J. Dana, and Dr. R. W. Gelbach of the State 

College of Washington and 0. W. Collins, Byron Baldwin, and K E, King, 

farmers in the vicinity of Pullman, for their fine cooperation in obtaining the 

data on which this study is based 
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C. Paraffin base, commonly known as eastern 

D. Blended oil 

The range in price of the above oils as retailed in the State of 
Washington is as high as 2^4 to 1. The thoughtful user then wants 
to know if the lubricating value of these oils bears any relation to 
their first cost. On the basis that the public has the right to know 
the truth regarding the lubricating value of the various types of oils 
available, the results of the following tests are submitted for what 
they may be worth. 

SCOPE OF THE STUDY OF LUBRICATING OILS 

Six different series of tests were conducted over a period from 
1925 to 1932, and included approximately 9400 miles of automobile 
operation and more than 800 hours of laboratory, harvester, and 
tractor operation. No attempt has been made to study a large number 
of brands of oil, but rather to study the relative value of the two 
distinct types: that is, paraffin and asphalt base oils. With the excep- 
tion of one oil noted later, oils of types B and D were not tested in 
this study. 

SIX SERIES OF TESTS MADE 

1. In the first series, a four-cylinder truck engine was operated 
for a total of 68 hours in the laboratory. Asphalt and paraffin base 
oils were alternated in the four runs of this test. 

2. During the summer of 1926, two Model 1925 Oakland cars 
which had traveled approximately the same mileage were driven a 
total of 6400 miles under controlled conditions. Oil tests were made 
in the engines of these cars which were being used in the determina- 
tion of relative tire wear on various types of highway surfaces.* 

3. Tests were conducted during the summer of 1929, on a car used 
on the highways for studying “Rhythmic corrugations in highways.”* 
Six tests of 500 miles each afforded a study of two brands of oil rep- 
resenting the paraffin and the napthene bases. 

4. The fourth series of tests included thirteen separate runs of 12 
hours each on an automobile engine mounted in the laboratory. All 

^ Engineering Bulletin No. 18 Eng. Exp. Sta. State College of Washington. 

^ Engineering Bulletin No. 81 Eng. Exp. Sta. State College of Washington. 
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conditions of operation were under complete control, thus affording 
some very reliable data. 

5. A study was made during the summer of 1931, including 100 
hours of operation in the field, of a Case combined harvester engine, 
in which two brands were tested, representing the two types of oil. 

6. Tests were made on two Caterpillar tractors, operated on farms 
during the plowing and planting season of 1932. Approximately 520 
hours of tractor operation afforded a study of five brands representing 
three types of oil. 

METHOD OF CONDUCTING TESTS 

An attempt was made during the first tests to determine the rela- 
tive merits of different types of oil by measuring the amount of wear. 
This was done by weighing piston rings and noting the change of 
dimensions of the wearing parts of an engine. Experience soon showed 
that this method of testing was subject to errors so large as to make 
the results unreliable Subsequent tests, therefore, were based on the 
analysis of samples of the oil in the crank-case to determine its iron 
content. 

Commencing with the second scries, and continued with but minor 
variations throughout all of the subsequent tests, the method was 
as follows: 

A paraffin oil was carefully measured and placed in engine number 
1 A like quantity of asphalt base oil was placed in engine number 2. 
Petcocks had been installed in the pipe line from the oil pump to the 
bearings for taking samples at stated intervals. Both cars were oper- 
ated together over the same highways at a fixed speed. At the end of 
200 miles, and while the engine was thoroughly heated, and still run- 
ning, four-ounce samples of oil were drained from each engine into 
separate prescription bottles. This was repeated at 400, 600, and 800 
miles. By taking the sample only when the engine was thoroughly 
heated, and before stopping, it was assured that the sample was rep- 
resentative of all the oil in the crank-case at the time of withdrawal.® 
At 400 miles, and at the end of the run at 800 miles, the quantity of 

* The fact that the iron content of the samples withdrawn was representative of the 

wear taking place has been proven in subsequent tests. 
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oil remaining in the crank-case was determined by draining and weigh- 
ing, This made it possible to determine the relative oil consumption 
during the progress of the test. At the end of the test, both engines 
were drained and the crank-cases were flushed for five minutes with a 
special flushing oil. This was drained, and new oil carefully weighed 
in. On each consecutive 800-mile test, the method was the same, ex- 
cept that the two types of oil were reversed between cars to eliminate 
the question of unequal wear caused by mechanical condition of the 
engines 

Much the same procedure was followed in scries three, except that 
a single 1926 Chevrolet coach was used. Samples were drawn every 
100 miles, and a change of oil was made every 500 miles Six runs 
were made, using two additional brands of oil, representing the two 
types 

In series four, a four-cylinder engine from the car used in the 
preceding tests was reconditioned for use in the laboratory. It was 
mounted to drive an alternating current induction motor as a gener- 
ator^ which w^as electrically connected to the college power system. 

This assured a closely constant speed, Jlnd at the same time made 
use of the electricity generated during the test. All the necessary 
meters and instruments were installed so that consecutive runs could 
be duplicated, and any variation in performance of the engine could 
be determined. Readings were made of fuel consumption and of elec- 
trical output to determine if there were any differences in the engine 
output depending ujion the various oils used. Crank-case vapors were 
condensed and tested, and Icinpcraturcs of oil, and cooling water taken 
from which the “heat balance'* could be computed. At the end of each 
of the first five runs, the engine was dismantled, the piston rings w^ere 
weighed, and the carbon was scraped from the piston head and upper 
cylinder walls. The weights of the piston rings before and after a run 
showed quite definite wear, but previous experiments had shown the 
results to be unreliable. Careful study of the tests in this series showed 
that in spite of extreme care in trying to replace the rings exactly as 
they had been, there seemed to be a necessary period of rapid wear 
before the rings would settle down to steady operation, thus making 

* Furnished by Century Electric Co., Spokane, Washington. 
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it impossible to obtain satisfactory results in this way. In the follow- 
ing eight runs, the pistons were not removed from the cylinders, but 
the crank-case was opened after each run and thoroughly cleaned. 

Types of oil were alternated during consecutive runs Four brands, 
representing the two types, were used Oil samples were drawn from 
the high pressure oil line every two hours, and measurements of the 
quantity of oil remaining in the crank-case were made every hour. 
IXach run was twelve htmrs long, with no stop and no variation in 
load. The data taken during this series have shown the accuracy of the 
oil analysis method of making these tests. 

In the tests made on the Case combined harvester engine, oil 
samples were drawn off at noon, and again at night Fach sampling 
was preceded by five hours of operation, the sample being drawn 
before the engine was allowed to stfip Two brands of oil, representing 
the two types, were alternated during the consecutive runs. At stated 
intervals determination was made of the quantity of oil remaining in 
the crank-case. Four runs of twenty-five hours duration each, were 
made during the 1931 harvest season. 

During the following spring and summer, similar tests in all re- 
spects were made on two Caterpillar ‘‘30” tractors, which were being 
used for plowing and seeding Eleven runs were made, of from 40 to 
60 hours duration each, using five brands of oil representing Pennsyl- 
vania paraffin, a mid-continent paraffin, and a western or asphalt base. 

THE OILS USED 

For obvious reasons, the different brands of oil used cannot be 
named in this report. IIowe\er, they arc numbered and described by 
their physical properties, so that the two types can be readily identi- 
fied. Whenever possible, the oil was purchased on the open market in 
sealed containers. In other cases, the writer purchased direct from the 
service station operator, making sure, insofar as possible, that the oil 
obtained was what it was represented to be. No attempt has been 
made to adapt an oil to the engine. I'or instance, if a manufacturer 
or a lubricating chart indicated that a “heavy” bodied oil should be 
used during the summer months two oils, of “heavy” grade, repre- 
senting the two types, were purchased, regardless of the relative vis- 
cosities of the two oils. In some instances it was found that so far 
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as the operating temperature was concerned, and the viscosity at this 
temperature, a heavy body oil of one type and a medium body oil of 
another type would have more nearly the same viscosities at the oper- 
ating temperature. This procedure is not justified from a strictly lab- 
oratory standpoint, but is justified on the basis that this study is for 
the benefit of the ultimate user of the oil. 

Table 1 shows the oils used, the type, the series of tests in which 
used, the date purchased, the body rating, and also the physical 
properties. Throughout the tests, the paraffin and the asphalt base 
oils were alternated so that direct comparisons could be made be- 
tween the two types. Among the oils listed in Table 1 are eight 
brands, as sold by the various oil companies. Direct comparison is 
made between oils 3 and 4, 9 and 11, 12 and 13, 17 and 18, 19 and 21, 
which are paraffin base and asphalt base respectively. Oils 3 and 17 
are oils of the same brand that were purchased six years apart and 
tested under different circumstances. Although oil 3 was purchased 
as “heavy” and oil 17 as S.A E. 40, their viscosities arc quite different. 
In the meantime this company brought out oil No 9 with a new name 
and advertised it as an oil superior to their previous oil no. 3; how- 
ever, no marked superiority could be found in the physical property 
tests or wear te.sts. The same company also furnished their customers 
with a paraffin base oil, nos 4, 11, and 18, over the same period of 
time. At the present lime oil no 9 is sold by this company as a high 
grade asphalt base oil and is their main “stock in trade.” Oil no. 18 
is furnished to those demanding a paraffin base oil while oil no. 17 
is sold as an inferior asphalt base lubricating oil at a very low cost 
to the consumer to meet competition in price. 

This same arrangement exists in other companies; for instance, 
oils 12 and 15 are the main “stock in trade” representing asphalt base 
oils of different “body.” Oils 13 and 21 arc sold to those demanding 
a paraffin base oil while oil no 19 is the inferior asphalt base lubrica- 
ting oil, not recommended, but sold to meet competition. Oils nos. 
14 and 20 were of one brand and classified as a mid-continent paraffin. 

DETAILS OF ANALYSIS OF CRANK-CASE OILS 

The underlying principle governing all of the tests has been to 
compare the two general types of oil, either by running the two oils 
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Table 1. Physical Properties of Oils Used in Tests 
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in two separate engines where available, as in series two, or by alter- 
nating the oils on consecutive runs in the same engine. The same 
principle was carried out in analyzing the used oils. As a rule, five 
samples of one type of oil were always analyzed with five similar 
samples of the other type. This prevented any favor to one oil over 
another. 


SUMMARY OF RESULTS OBTAINED 

The relative wear occurring between the two types of oil, paraffin 
and asphalt base, for all of the series, is shown in Table 2. 


Table 2 

Averages of Averages of 
total wear in total wear in Ratio of wear 
Series Number grams — as- grams — par- asphalt to 

phalt baso aiTin base paraffin 


2 — (4 runs per car, 800 niile.s 


per run with 2 cars) 

3 — (6 runs, 500 miles 

845 

.47 

1.80—1 

per run, 1 car) 

4 — (7 runs, 12 hours 

99 

.63 

1.57—1 

each, laboratory) 

5 — (4 runs, 20 hours each, 

75 

.395 

1.90—1 

harvester engine) 

6 — (11 runs, 40 to 60 hours, 

8.4 

67 

1 .25—1 

2 Caterpillar tractors) 28 0 

Weighted average of all tests* 

Weighted average of auto and lab. tests 
Weighted average of farm tests 

24.1 

1.16—1 

1.49—1 

1.76—1 

1.18—1 


* Tn determining the weighted avorago wear for all tests, the individual en- 
gines, which were different in size and construction details, were rated in terms 
of relative total piston surface traversed in a given period of time. It has been 
determined in these tests that approximately 80% of the iron appearing in the 
sanitples was worn from the cylinder walls, piston rings and from the piston surfaces. 
The relative rate of wear occurring in the laboratory and in the field was deter- 
mined upon this basis of engine rating. The results should show without question 
the serious effect of dust and foreign material in field operation. 


From Table 2 it will be seen that the harvester and tractor en- 
gines show a far greater rate of wear than the automobile and labora- 
tory engines. The engines used in these tests were not of the same 
rating, speed or number of cylinders. An approximate factor has been 
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arrived at for each engine, which, when applied to the individual en* 
gines will correct for these differences. Correcting for both the length 
of run and the difference in engine characteristics, wear proceeded in 
the harvester engine, 7 times more rapidly than it would have occurred 
under laboratory conditions. Likewise in the tractor engine wear pro- 
ceeded at 18 times the laboratory rate This increased rate of wear can 
be explained by the severe dirt and dust conditions under which the 
tractors operate when compared to operation under laboratory con- 
ditions.’’' Additional proof that abrasive dust particles are responsible 
for the rapid wear can be found in three observed facts. 1st. Wear 
increased with the dryness of the season. In the first part of the sea- 
son when the ground was still damp from the spring rains, a relatively 
small wear occurred in the individual runs. 2nd. In the oil analysis 
procedure, it was observed that high iron content in the individual 
samples was coincident with high alumina and silica content (dust).® 
3rd. Tractors used on I^alousc wheat farms often require a reborc and 
refitting of pistons and rings each year 


Table 3 


Test 

No Runs 

Approx Hr 8. 

Average Per Cent Oil Consumption 

Senes 

Kach Oil 

Each Run 

Asphaltic 

Paraffin 

2 

4 

26 

48 

40 

3 

3 

22 

45 

26 

4 

6 

12 

45 

34 

5 

2 

25 

11 

13 

6 

5 

50 

30 

37 

Weighted average of all 

tests 

38 

33 


® Observations and calculations have been mndo to determine what portion of the 
iron in the sample was dne to ferrogenous earth, and was determined to be a 
negligible percentage. 
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Tlseoaitjr — 3»ytK>lt j^conds 



Miles 'I'rsvfled Mlos ‘^STslsd 


Figure 1. Two Oakland coaches traveling 30 MPH on relatively clean highways. 


!Note that abbreviation **Par*^ repreeTents oils having a paraffin base, while 
‘Nap** represents oils having an asphalt, or napthene base. 
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CONCLUSIONS 


It should be remembered that the foregoing study is in the field 
of automotive lubrication only, and that it covers what are considered 
to be a few typical oils representing the asphalt and paraffin bases. 
The oils chosen are those that are in direct competition throughout 
most of the United States and arc representative of many other oils 
sold. 

This scries of tests, while not as extensive as other tests upon 
the change in physical properties of lubricating oil during use, has 
gone deeper into the heart of the problem than any reports so far 
published have indicated. Wear of important parts of the automotive 
engine determines the maintenance cost which is, as a rule, greater 
than the difference in cost between high and low grade lubricating 
oils 

As a result of this study the following conclusions can be drawn: 

1. To the consumer the so-called physical property tests of lubri- 
cating oils are of value chiefly for the purpose of identification, and 
for making certain that the oils purchased are up to the manufacturer’s 
specifications. 

2. Viscosity tests are of value in adapting a lubricating oil to the 
needs of an engine, and for the identification of oils, but do not neces- 
sarily indicate the lubricating value of an oil. A paraffin base oil, as a 
rule, maintains a more uniform viscosity with use than does an asphalt 
base oil. 

3. Distillation tests and flash and fire tests are useful for identifi- 
cation and refinery control, but it is doubtful if there is any direct 
relation between these tests and lubricating value. Cloud and pour 
tests may be important for selecting oils to be used in extremely cold 
weather, but arc not a guide in determining lubricating value for 
normal operation, 

4. An oil testing high in carbon residue does not necessarily 
possess inferior lubricating properties. The foregoing tests indicate 
that oils with high initial carbon residue have shown superior lubri- 
cating ability, although this study would seem to indicate that there is 
no direct relation between the two. The carbon residue test should 
be used only as a means of refinery control and identification. Where 
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other investigators have shown that the carbon residue values influ- 
ence the rate of carbon deposition in the combustion chamber, the 
foregoing tests would seem to indicate that other influences, such as 
leakage past the rings, were much more important in forming carbon 
deposits, 

5. Operation under dusty conditions, such as farm work, reveals 
the desirability of dust-proofing such engines. In these tests excess 
wear due to dust reached as high as 2000%, and consequently the com- 
parative value of any lubricant was accordingly diminished. However, 
even in this case somewhat less wear was shown for the paraffin base 
oil. 

6. In the comparative tests, leakage and pumping losses were 
greater by as much as 6% with the asphalt than with the paraffin 
base oils. 

7. In automobile, laboratory, and field operation of the automotive 
engines used in these test.s, an average of 54% greater wear of the 
working parts took place with typical asphalt base oils than with 
typical paraffin base oils. 
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Great care should he used to provide clean air for the engines on 
expensive harvesting machinery. Next in importance is the choice of a 
suitable lubricant, and its renewal at frequent intervals 
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Laboratory Methods of Comparing Lubricating 
Values of Automotive Oils 


by 

Howard H. Langdon* 

INTRODUCTION 

The rapid increase in recent years in the use of automotive equip- 
ment of all kinds has opened up an attractive field to various oil 
companies for the sale of lubricants As a result of ki'cn competition 
amoiiK advertisers of these products, users arc frequently confused 
or misled as to the relative lubricatinj^ value per dollar cost of the 
various oils offered for sale Many such users haw written to the 
Slate Collej^e of Washinj^^ton seekinj^ information as to the relative 
lubricating value of different kinds of oil, and i‘s])ccially of th(‘ so- 
called eastern and western oils. Inasmuch as there is freciuently ctin- 
siderable dilTerence in the first cost of different lubricants even of the 
same general class, the* question becomes one of considerable eco- 
nomic importance to the user Too often he is induced to judge the 
value of an oil by its price alone, when, in fact, that may easily be the 
least important feature of that oil. 

It IS the purjiose of this study to answer these (luestions as tull> 
as possible by reporting the results of a series of tests made in the 
laboratory and of other tests made on equipment in noiiual operalum 
111 the fu'ld A large amount of data has been obtained that will be of inter- 
(‘st to the ])ractical user, and, in addition, data that are inn)ortant l(» 
thr)se corcerned with the technical phases of automotive' lubrication 
Inasmuch as this report is of a iiractical nature, intended to enlighten 
the non-technical user, only those experimentally determined facts 
that are of vital interest to the ultimate user will be given. No state- 
ments are made unless there is experimental evidence to substantiate 

^ The writer is indebted to lloiiipr J Dana, and Dr H W Gelbach of the Stale 
(College of Washington and () W, Collins, Byron Baldwin, and K 10 King, 
fanners m the vicinity of Pullman, for their fine cooiieration in obtaining the 
data on which this study is based 
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them, except of course where the opinions of other investigators are 
quoted. Technical terms which may be confusinpj will be avoided 
whenever possible 


CHOOSING A LUBRICANT 

The buyer of a lubricant for automoti\ e engines is confronted 
with the necessity of choosing between four general types of mineral 
lubricating oil as well as between several difTerent grades of each 
type. These four types are: 

A Asphalt or “Napthene” base, coninionly known western 

Tb Mid-Continent 

C. Paraffin base, commonly known as eastern 

D Blended oil 

The range in tirice of the abfive oils as ri tailed in the State of 
Washington is as high as 2^2 to 1 The thoughtful user then wants 
to know if the lubricating value c»f these oils bears any relation tc) 
their first cost. On the basis that the public has the right to know 
the truth regarding the lubricating value ol the various types of oils 
available, the results of the following It'sts are subinitted for what 
they may be worth. 

SCOPE OF THE STUDY OF LUBRICATING OILS 

vSlv different series oi tests were conducted over a perir)d from 
1^25 to 1932, and included approximately 9400 miles of autoiriohile 
operation and more than 800 hours of laboratory, harvester, and 
tractor operation No attempt has been made to study a large niimher 
of brands of oil, but rather to study the relative value of the two 
distinct types: that is, paraffin and asphalt base oils With the excep- 
tion ()i (»ne cnl noted later, oils f)f types P> and I) w'erc not tested in 
this study 

SIX SERIES OF TESTS MADE 

1 In the first series, a four-cylinder truck engine was operated 
for a total of 68 hours in the laboratory Asphalt and paraffin base 
oils were alternated in the four runs of this test. 

2. During the summer of 1926, two Model 1925 Oakland cars 
wdiich had traveled approximately the same mileage were driven a 
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total of 6400 miles under controlled conditions. Oil tests were made 
in the engines of these cars which were being used in the determina- 
tion of relative tire wear on various types of highway surfaces.^ 

3. Tests were conducted during the summer of 1929, on a car used 
on the highways for studying “Rhythmic corrugations in highways.*’^ 
Six tests of 500 miles each afforded a study of two brands of oil rep- 
resenting the paraffin and the napthene bases. 

4. The fourth series of tests included thirteen separate runs of 12 
hours each on an automobile engine mounted in the laboratory All 
conditions of operation were under complete control, thus affording 
some very reliable data. 

5. A study was made during the summer of 1931, including 100 
hours of operation in the field, of a Case combined harvester engine, 
in which two brands were tested, representing the two types of oil. 

6 Tests were made on two Caterpillar tractors, operated on farms 
during the plowing and planting season of 1932 Atiproximatcly 520 
liours of tractor operation affr>rded a study <»f five brands representing 
tliree types of oil 

METHOD OF CONDUCTING TESTS 

An attempt was made during the first tests to determine the rela- 
tive merits of different tvpes of oil by measuring the amount of wear. 
Tins w^as (lone by vveighing ])iston rings and noting the change of 
dimensions of the wearing parts of an engine Experience soon shovv(;d 
that this method of testing was subjeet to errors so large as to make 
the results unreliable Jsubse((uent tests, therefore, were based on tbe^ 
analysis of samples of the oil in the crank-case to determine its iron 
content 

Commencing with the second senes, and continued with but minor 
variations throughout all of the siibsetiiient tests, the method was 
as follows: 

A paraffin oil uas carefully measured and placed in engine number 
1. A like ()iianlily of asphalt base oil was placed in engine number 2 
Petcocks had been installed in the pipe line from the oil pump to the 

* EngineerinR Hullptin Mo 18 Pjiig Exp. Sta State College of WHshington 
^Engineering Bulletin No. 31 Eng Exp. Sta. State College of Washington 
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hearings for taking samples at stated intervals l^)t)th cars were oper- 
ated t{^gether over the same highways at a fixed speed At the end of 
200 miles, and wliile the engine was thoroughly heated, and still run- 
ning, four-ounce samples of oil w^ere drained from each engine into 
separate prescription bottles This was rcjieated at 400, ()00, and 800 
miles lly taking the sample only when the engine was thc)roughiy 
heated, and before stopping, it was assured that the sample was rep- 
resentative of all the oil in the crank-case at the time of withdrawal ’ 
At 400 miles, and at the end of the run at 800 miles, the quantity of 
oil remaining in the crank-case was determined by draining and weigh- 
ing This made it possible to determine the relative oil consumption 
during the progress of the test At the end of the test, both engines 
were drained and the crank-cases were flushed for five minutes with a 
special flushing oil This was drained, and new oil carefully weighed 
in. On each consecutive 800-niile test, the method was the same, ex- 
cept that the two types of oil were reversed between cars to eliminate 
the question of unequal wear caused by mechanical condition <.)f the 
engines 

Much the same procedure w'^as follow'ed in senes thr(*e, exce[)t that 
a single 1926 Chevrolet coach w^as used SainpUs were drawm every 
100 miles, and a change of oil was made every 500 miles Six runs 
were made, using tw^o additional brands of oil, representing the tw'o 
types. 

Tn series four, a four-cylinder engine from the car used in the 
preceding tests was reconditioned for use in the laboratory It was 
mounted to drive an alternating current induction nu/tor as a gener- 
ator^ wdiich was electrically ctmnected to the college power system 

This assured a closely constant speed, and at the same time made 
use of the electricity generated during llie test All the necessary 
meters and instruments were installed so that C(»nsecutive runs could 
be duplicated, and any variation in performance of the engine could 
be determined. Reading, s w^Te made of fuel consumption and of elec- 
trical output to determine if there w'cre any difTi'rences in the engine 
output deix'iiding U]ion the various oils used Crank-case vapors w^ere 

® The fact that the iron content of the samples wilhdiawn was rei)resentatlve of the 

W'car taking;: j)lace has been proven ‘in subsequent tests 

Kurnished by Century Electric Co , Spokane, Washington. 
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condensed and tested, and temperatures of ()il, and cooling water taken 
from which the “heat balance*’ could be computed. At the end of each 
of the first five runs, the engine was dismantled, the piston rings were 
weighed, and the carbon was scraped from the piston head and upper 
cylinder walls. The weights of the piston rings before and after a run 
showed quite definite wear, but previous experiments had shown the 
results to be unreliable. Careful study of the tests in this senes showed 
that in spite of extreme care in trying to replace the rings exactly as 
they had been, there seemed to be a necessary period of rapid wear 
before the rings would settle down to steady operation, thus making 
it impossible to obtain satisfactory results in this way. In the follow- 
ing eight runs, the pistons were not removed from the cylinders, but 
the crank-case was opened after each run and thoroughly cleaned 

Types of oil were alternated during consecutive runs. Four brands, 
representing the Iw'o types, w'crc used. Oil samples were drawn from 
the high pressure oil line every two hours, and measurements of the 
quantity of oil remaining in the crank-case were made every hour 
Each run was tvs^elve hours long, with no stop and no variation in 
load. The data taken during this series have shown the accuracy of the 
oil analysis method of making these tests. 

In the tests made on the Case combined harvester engine, oil 
samples were drawn off at noon, and again at night. Each sampling 
was preceded by five hours of operation, the sample being drawn 
before the engine was allowed to stop. Tw^o brands of oil, representing 
the two types, were alternated during the consecutive runs. At stated 
intervals determination w^as made of the quantity of oil remaining in 
the crank-case h'our runs of twenty-five hours duration each, were 
made during the 1931 harvest season. 

During the following spring and summer, similar tests in all re- 
spects were made on two Caterpillar “30“ tractors, which were being 
used for plowing and seeding Eleven runs were made, of from 40 to 
60 hours duration each, using five brands of oil representing Pennsyl- 
vania paraffin, a mid-continent paraffin, and a western or asphalt base, 

THE OILS USED 

For obvious reasons, the different brands of oil used cannot be 
named in this report. How''ev€r, they are numbered and described by 
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their'physical properties, so that the two types can be readily identi- 
fied. Whenever possible, the oil was purchased on the open market in 
sealed containers. In other cases, the writer purchased direct from the 
service station operator, making sure, insofar as possible, that the oil 
obtained was what it was represented to he. No attempt has been 
made to adapt an oil to the engine. For instance, if a manufacturer 
or a lubricating chart indicated that a ‘‘heavy” bodied oil should be 
used during the summer months two oils, of “heavy” grade, repre- 
senting the two types, were purchased, regardless of the relative vis- 
cosities of tile two f)ils In some instances it was found that so far 
as the operating temperature was concerned, and the viscosity at this 
temperature, a heavy body oil of one type and a medium body oil of 
another type would have more nearly the same viscosities at the oper- 
ating temperature This prc»cedure is not justified from a strictly lab- 
oratory standpoint, but is justified on the basis that this study is for 
the benefit of the ultimate user of the oil. 

Table 1 shows the oils used, the type, the series of tests m wdiich 
used, the date purchased, the body rating, and also the physical 
properties. Throughout the tests, the paralTin and the as])halt base 
oils w'ere alternated so that direct compatisons could be made be- 
tween the two types Among the oils listed in Table 1 are eight 
brands, as sold by the various oil companies Direct comparison is 
made hetw'een oils 3 and 4, and 11, 12 and 13, 17 and 18, 1^ and 21, 
which are paraffin liase and asphalt base respectively Oils 3 and 17 
are oils of the .same brand that w'ere purchased six years ajiart and 
tested under difTerenl eircunistances Although oil 3 was purchased 
as “heavy” and nil 17 as S.A K 40, their viscosities are quite dilTerenl. 
In the meantime this company brought out oil No 9 wdth a new name 
and advertised it as an oil superior to their jircwious oil no 3, how^- 
ever, no marked superiority could be found in the i>hysical property 
tests or wear tests The same* company also furnished tlieir customers 
with a paraffin base oil, nos 4, 11, and 18, over the same period of 
time At the present time pil no 9 is sold by this company as a high 
grade asphalt base oil and is their main “stock in trade” Oil no 18 
is furnished to those demanding a paraffin base oil while oil no 17 
is sold as an inferior asphalt base lubricating oil at a very low cost 
to the consumer to meet competition-in price. 
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Table 1. Physical Properties of Oils Used in Tests 
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This same arrangement exists in other companies; for instance, 
oils 12 and 15 arc the main “stock in trade" representing asphalt base 
oils of different “body." Oils 13 and 21 are sold to those demanding 
a paraffin base oil while oil no. 19 is the inferior asphalt base lubrica- 
ting oil, not recommended, but sold to meet competition. Oils nos. 
14 and 20 were of one brand and classified as a mid-continent paraffin. 

DETAILS OF ANALYSIS OF CRANK-CASE OILS 

The underlying principle governing all of the tests has been to 
compare the two general types of oil, either by running the two oils 
in two separate engines where available, as in senes two, or by alter- 
nating the oils on consecutive runs in the same engine. The same 
principle was carried out in analyzing the used oils As a rule, five 
samples of one type of oil were always analyzed with five similar 
samples of the other type This prevented any fa\ or to one oil over 
another. With the exception of the tests for carbon residue, for distil- 
lation, and for iron content, the physical properties of the oils were 
determined according to specification of the American Society for 
Testing Materials. 

THE CONRADSON CARBON RESIDUE TEST 

Years of experience with the apparatus for this test have shown 
that unless an unusually skilled operator is in charge, results may 
vary 10 per cent or more Tn fact, such errors very often exceed the 
actual difference that exists between succeeding oil samples of a single 
run. Accuracy in comparing two oils by ihi.s test requires exact dupli- 



Flgure 1. Qas tight container for heating 
ten samples at ohe time In making car- 
bon residue tests. 
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cation of the heating period, which lasts approximately 45 minutes. 
This was provided for by making the carbon residue test on at least 
ten samples of oil, five of each type, at the same time. A cast-iron 
container (Figure 1) large enough to hold ten crucibles was provided 
with a gas-tight cover and gasket A >4" pipe attached to the cover 
was used to condense the vapors and conduct them to a glass graduate. 

A log of each test showed that loo slow or too rapid heating dur- 
ing distillation caused wide variations in the carbon residue value. 
After a few trials, the proper time-lemi^erature control of the West- 
inghouse B-22 automatically contrt)llcd oven was determined. This 
relationship has been well established by check tests.® The results 
obtained have been very satisfactory, not only because of the speeding 
up by running 10 samples at a time, but also because of the high de- 
gree of accuracy assured, even when considering the small changes 
occuring m carlion residue from sample to sample. 

DISTILLATION TEST 

Certain changes were made in the standard apparatus described 
under A S T M designation, l)-86-30, for distillation tests for gasoline, 
naptha, kerosene, and similar petroleum products. The revised ap- 
paratus is shown in T^'igiire 2 A vacuum was applied at the collecting 
end hy inserting a double-holed rubber stopper in the collecting gradu- 
ate Cine hole was connected directly to the outlet end of the con- 
densing tube by a suitable rubber stopper and glass tube. The other 
outlet ot the collecting graduate was connected with the vacuum 
source through a vacuum bottle which acted as a trap to keep water 
from backing up A water aspirator was used to supply the vacuum 
The standard method of heating the Engler flask over a gas flame 
or an electric hot-plate gave rise to three undesirable conditions: 

1 The vapors condensed on the neck of the flask and thermo- 
meter hull) a.’d dropped back without passing over. 

2. Excessive boiling or foaming occurred in the flask in the distil- 
lation of used oils, 

3. Cracking of the oil occurred prematurely 

“Thesis by Kenneth M. Day, "Comparative accuracy using (^onradson apparatus 
with gas heat, Skidmore crucible electrically heated, liltration through Aluii- 
dum crucible, and the above lest method." State College of Washington 
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All of these conditions were eliminated, as shown in Figure 2, by 
insulating the neck to a point above the take-off, or above the thermo- 
meter bulb, and by enclosing the flask in an electric heater which ap- 
plied heat evenly over the bulb to a pi>int above the liquid level. In 
this w'ay more nearly true vapor temperatures were recorded. The 
current input to the heater was regulated in exactly the same manner 
in all distillation tests, assuring uniform heat application. 

As each test progressed the oil v’apors when coiuhnsed became 
imme and more viscous and the time lag between tcmpeiaturi' reading 
and recording the (|uantity at the graduate increased This vvas r(‘duce(l 
by applying heat at a certain rate to the condenser cooling water as 
tlu* distillation progressed. However the condensing water vvas kt‘i)t 
suriiclc'ntly cold to ensure that all vai>or> were condensed 



Figure 2. Apparatus specially designed for making uniform distillation tests. 


DETERMINING WEAR BY ANALYSIS OF THE IRON 
IN THE OIL 

H the ability of one type *of lubricating oil to prevent wear is 
greater than that of another type, then, under similar conditions of 
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operation of the engine, an analysis of the different used oils for their 
iron content should indicate their relative lubricating value. On this 
basis, also, an iron analysis of samples of the same oil from the crank- 
case from time to time should gi\e a reliabU indication of the rate 
of wear taking place. 

After several years of experimental work, a satisfactory method 
was dcveloj)e(l for making iron analysis c)f <^>ils, which would give con- 
sistently reliable results It must be remembered that the iron that 
is worn off an engine is m extremely line particle s Pictures have been 
taken of films of us(*(l erank-case oil, magnified 1000 diameters, in 
which the large^st particles obsei\eel of any substance' present W'ere 
le'ss tlian .0002 inehe s ac ross I'Or ^omc sample-^, the iron in a 10-gram 
sample of u^-eel oil as tesirel, was a (|iiantity as low as .00001 gram eif 
ir(»n per gram of oil 'Phis \alue is too small to vve*igh except with 
sii])('r -sensitiv e balances, and <ih\ioiis]y the methoel of centrifuging and 
w’eighing was not jwactieal intimately a ehemieal method of analysis 
w'as w<»rk(‘<l out and aeloj'jted'’ 

At the eonelusioTi of the test for carbon residue' of a given oil, 
eaibein, iron, and olber ine'tal particles, along wutli fore'ign material 
such as dirt, remain in the ertieibles Tlie problem is to determine the 
true iron eeuilent of ibis residue The cruribb's, following the' carbon 
residue test, are* ignited feu* one half hour at 1500® T*' The carbon is 
oxielizeel anel jiasses oif 'Phe iron is also oxieli/cd, hut it remains in the 
crucible, although just what foim it takes is not ce'rtain 

Tollowiiig ignition, the enicihles are* w'cighed to tenths of milli- 
grams This me hide s the weieht e>f the' iron (»xide plus the weight of 
eithe'i* metallic oxide's, sjbra and alumina that might he present’ 

Following weighing hydnu-liloric and nitric' aeiel art' added to the 
crucible, covereel with a watch glass anel placetl on a hot-plate wdth 
ce^ntrollcd heal until tin* iron is dissolve el The contents of the crucible 
are then poured into a 2s() ce beaker and the ciiieible and eover glass 
are caiefully washed with elistilKd water so that no traces of the dis- 
solved ir(Ui solution are lost 

Twenty ee of 18 normal sulphuric acitl are added to the beaker 
and allowed to fumt' slightly on a hot-])late‘ The content of the 
beaker is next transferred to a 100 cc sugar flask with a careful wash- 
ing wdth di tilled water, and diluted to 100 ce 

vStandard solutions, of 1000 ec each, of xarying strengths are made 
up in like maimer, except that known tiuantities of pure iron are added 
and dissolved 


® The writer desire.s td full erodU to Or Kalph W (telbneh of the De])firt- 

inent of (’hemiatry. iState (’ollc'^e of Wa.shiniiton, for his inten'st uiid assistance 
in developnijs' a <doniioil test siiifieiently sensitivi* and accurate for annlyzinif 
lubricating oils for iron content. 

’ Engines with cast-iron pistons Avere used in all cases except that one tractor was 
equipped Mith aluininuin alloy pistons 
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The final determination is made by the colorimetric method. An 
iron standard of approximately the proper strength is selected and a 
measured quantity placed in the cell of the colorimeter. The same 
quantity of the sample solution is placed in the other cell of the colori- 
meter. Potassium thio-cyanate is added to both cells by means of a 
pipette, the solution stirred and the cells transferred to the colori- 
meter for reading. 

The potassium thio-cyanate causes the solution to turn red, the 
density of the color depending upon the iron content of the solution. 
The colorimeter determines the depth of solution in each cell neces- 
sary to match their color. By ratio of depths of solution and the 
known iron content of the standard solution the quantity of iron in 
the unknown sample is readily determined. 

Based on the above outline, a reliable laboratory technique has 
been developed so that samples of oil can be readily and accurately 
analyzed for iron content. Check analyses made from time to time 
have verified the accuracy of this technique 


SUMMARY OF RESULTS OBTAINED 

The relative wear occurring between the two type^ of oil, parafTin 
and asphalt base, for all of the scries, is shown in Table 2 


Series Number 

Table 2 

Averages of 
total wear in 
grams — as- 
phalt base 

Averages of 
total Hear in 
grams — par- 
affin base 

Ratio of wear 
asphalt to 
paraffin 

2 — (4 run.s per car, 800 miles 
per run with 2 cars) 

845 

.47 

1 80—1 

3 — (6 runs, 500 miles 
per run, 1 car) 

99 

63 

1 57—1 

A — (7 runs, 12 hours 
each, laboratory) 

.75 

.395 

1.90—1 

5 — (4 runs, 20 hours each, 
harvester engine) 

84 

6 7 

1.25—1 

6 — (11 runs, 40 to 60 hours, 

2 Caterpillar tractors) 

28.0 

24 1 

1 16—1 

Weighted average of all tests* 

Weighted average of auto and lab tests 
Weighted average of farm tests 


1.49—1 

1.76—1 

1 18—1 


* 7n <let(*ririining tfn» weighted average wear for all tests, the individual on- 
gines, which were different in si 4 !e and construction details were rated in terms 
of relative total piston surface traversed in a given period of time It has been 
detormined in these tests that approximately 80% of the iron appearing in the 
samples was worn from the cylinder walls, piston rings and from the piston surfaces 
The relative rate of wear occurring in the laboratory and in the field was deter- 
mined upon this basis of engine rating. The results should show without question 
the serious effect of dust and foreign material in held operation 
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From Table 2 it will be seen that the harvester and tractor on 
gines show a far greater rate of wear than the automobile and labora- 
tory engines. The engines used in these tests were not of the same 
rating, speed or number of cylinders. An approximate factor has been 
arrived at for each engine, which, when applied to the individual en- 
gines will correct for these differences. Correcting for both the length 
of run and the difference in engine characteristics, wear proceeded in 
the harvester engine, 7 times more rapidly than it would have occurred 
under laboratory conditions. Likewise in the tractor engine wear pro- 
ceeded at 18 times the laboratory rate. This increased rate of wear can 
be explained by the severe dirt and dust conditions under which the 
tractors (Operate when compared to operation under laboratory con- 
ditions.’*' Additional proof that abrasive dust particles are responsible 
for the rapid wear can be found in three observed facts. 1st. Wear 
increased with the dryness of the season In the first part of the sea- 
son when the ground was still damp from the spring rains, a relatively 
small wear occurred in the individual runs 2nd, In the oil analysis 
procedure, it was observed that high iron content in the individual 
samples was coincident with high alumina and silica content (dust)." 
3rd. Tractors used on Palouse wheat farms often require a rcborc and 
refitting of pistons and rings each >ear 

DISCUSSION OF RESULTS 

In Figures 3, 4, 5, 6, and 7 are given in graphic form, all the data 
pertinent to these tests While each set of data shown in each figure 
has its value, the attention of the user will center on the curves for 
relative iron wear, since tluv^ indicate the relative life of his powei 
unit. 


* The tractors were provided with air cleaners for the air to the carburetor and 
in addition both had protected breather connections to the crankcase. The 
harvester engine had a protected carburetor air inlet 

® Observations and calculations have been mndo to determine what portion of the 
iron in the sample was due to ferrogenoms earth, and was determined fo be a 
negligible percentage 
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Figure 3. Two Oakland coaches traveling 30 MFH on relatively clean highways. 


Notf thnl a])br«‘Vialii)n “Par'’ represents oils having a parafl’in base, while 
represents oils having an asphalt, or napthene base. 
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Figure 4- Chevrolet coach traveling over gravel highway which was sometimes dusty 
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Figure 5. Chevrolet engine from car used In Figure mounted in laboratory and 
operated under carefully supervised conditions. 
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Figure 7 Two CaterpiUnr Tractors operated on different farms in the Palouse 
Country, plowing and seeding. 
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Viscosity" 

During the first half of each te^l, there was a general decrease in 
viscosity of the oil. During the second half, in the niaji>rity of cases, 
the viscosity of the asphalt base oils increased, wdiile the viscosity of 
the paraffin base oil remained nearly constant. The decrease in vis- 
cosity during the first half of each lest was greater wdth the asphaltic 
oil in practically all runs Tn the tests on the farm tractors, dilution 
caused the oil to “thin out” during practically the entire period of 
operation with both types of oil. 

Carbon Residue’" 

The asphaltic oil has, in general, a low initial carbon residue, while 
the paraffin base oil has a high value In a majority of all runs, the 
carbon residue value has increased more rapidly with use for the 
asphaltic oils than for the iiaralTin oils. On a ixTcentage basis this 
has been true in all cases The tarbim residue \aluc of an oil is not 


* Viscosity tests follow AST M dosignation T)88-3l) 

From the standpoint of perf(»rmai)r(‘, viscosity is a very important churnrter- 
istic of any lubricatiutr oil, indicatinjr its “body.” The viscosity of an oil is an 
indication of its suitability for specific purposes Oil of low viscosity would be 
suitable for a sewing niadnne. cream separator, or other hiph speed marhinery, and 
unsuited for heavy, low speed machinery A new' automobilo with close-fitting parts 
would recpiire a “light” bodied oil of low viscosity, wiiile a badly worn engine 
would require a hiph viscosity oil, ordinarily termed "heavv ” Viscosity may help 
to indicate the source of an oil Paraffin base oils have a lower viscosity change 
with temperature than asphalt base oils Under given conditions of operation, that 
oil is superior which shows the least change in viscosity Viscosity in terms of 
Saybolt standard is recorded in seconds at 100° F, 130° F , and 210° F For in- 
stance, It requires 000 seconds for 00 ec of a certain oil at 100° F to flow' 
through the orifice tube of a Saybolt standard visco.simeter In order to assure 
uniformity in the trade, oils are now lated S A I'l 20. 30. 40, etc , instead of 
terming them light, medium, or heavy 

Carbon r«*.udue by A S T M designation D-1 89-30 This test consists of 
subjecting a 10- gram sample of oil in a weighed crucible to temperatures suffi- 
ciently high to distill away tlie volatile oil. Heated m a nearly oxygen-free atmo- 
sphere, (he result is a cobe-like material in the bottom of the erucible, and is called 
the carbon residue, Fxtensivo tests by other investigators have .showm that the 
carbon residue test is a fairly reliable indication of the tendencies of an oil to 
form carbon in the combustion chamber, also that the carbon forming tendencies 
are superior for asphalt than for paraffin base oil * According to a paper by R K 
Wilson and 1>. P Barnard. {• “While the significance of this test has iieen the 
subject of considerable dispute, recent evidence indicates rather clearly that when 
using the same engine under carefully^ controlled conditions the carbon deiiosil in 
the comlnistion space is a function of this carbon residue value of the oil, though 
the carbon deposit increases much less rapidl.v than in direct proportion to this 
value Of course, if the oils have different viscosities at the operating temperatures 
the one with the lower viscosity tends to pass the rings in larger quantities and 
thus affect the amount of carbon formation Furthermore, in actual service the con- 
dition of the engine and particularly the type and tit of the rings as vyell as the 
changes in mixture ratio, ojierating temperature, oil viscosity', etc , w'ill obscure 
or outw'oigh ordinary differences in carbon residue between two different oils ” 


* Carbon Deposits from Imbricating Oils, Ind. & Eng Chem., Vol. 21, P 904 
Also (Carbon Deposits with Heavy Duty Engines, S.A.E Journal, November, 1929 
t The Significance of Various Tests Applied to Motor Oils — ^Proceedings of the 
A. S. T M Vol 28, Part 2, P. 078 1928 



an indication of its ability to prevent wear. Paraffin base oils with 
both high and low carbon residue have given better lubrication than 
the asphaltic oils with initially low carbon residue values. 


Distillation” 

Distillation curves show a characteristic difference between the 
two types of oil. The cracking point for the asphalt base oil occurred, 
as a rule, at from 85 to 95 per cent distilled. For the paraffin base oil, 
this occurred at from 70 to 80 per cent. Dilution of the crank-case oil 
in the laboratory engine, where there was only one start, and the en- 
gine closely fitted, varied between 1 and 3 per cent. In the tractor 
engines, which were somewhat worn and where there were perhaps 
twelve starts to a run, the value was as high as 14 per cent. 


Gravity Test 

The gravity of an oil is usually read in degrees A.P.I. (American 
Petroleum Institute Gravity Scale.) The values arc corrected to de- 
grees A P.l. at 60° P temperature and subsequently changed to “Spe- 
cific Gravity 60°/C0° 1' ’’ This means that the oil has a certain specific 
gravity at 60° F when referred to water at 60° F. This test has no 
value to the user except as a possible mqans of identification. As a 
rule a Pennsylvania paraffin base oil has a lower specific gravity than 
an asphalt base oil of the same viscosity at 130° F. A mid-continent 
paraffin base oil, however, may have a specific gravity little different 
from an asphaltic oil One familiar with the trade, can as a rule 


The distillation test of lubricating oils under vacuum is not considered a 
standard test. However, it was used in this study to indicate the characteristic 
difference between a paraffin and an asphalt base oil, to determine the relative 
cracking point of the tM’o types, and to measure the extent of dilution occurring 
during the use of the oil According to Livingston, Martin, and Morley, * the relative 
volatility of the oils before cracking begins is an indication of the relative tenden- 
cies of the two types to deposit carbon. 

Tests made in this study show that cracking begins at approximately 70 per 
cent distilled for the paraffin oil, and from 85 to 90 per cent for the asphalt base 
oil It is believed that this test is of value in identifying the source of an oil, as 
well as to indicate the extent of dilution during use. 

A paraffin base oil for automotive purposes is, as a rule, a blend between 
a light *' straight run” distilled oil from paraffin crude and a properly refined 
heavy cylinder stock which is a residue from the distillation of the same crude. 
Any further attempt to 'distill the cylinder stock results in the cracking of the oil. 
This blending of the paraffin oil results in a distillation curve (oil no. 4, figure 
3) that is comparatively flat The point on the curve where the temperature starts 
to decrease with increasing quantities distilled is considered to be the point where 
“cracking” begins 

An asphalt base lubricating oil is the result of a straight distillation process, 
(oil no. 3, Figure 3). 


* Carbon Deposits with Heavy Duty Engines, S. A, E. Journal, Nov., 1929. 
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identify a Pennsylvania paraffin base lubricating nil when he takes 
into account other factors which influence this value. 

Flash and Fire Tests, A S T M Designation D92-24 

These te^t'^ are usually made only nil a new oil, and have little 
value except to identify its source, and then only when considered to- 
gether with other pro])erties In ilu* tests made with the Cleveland 
open cup apparatus, the ]>araffin base oils as a rule registered the 
higher flash and fire points 

Cloud and Pour Tests, A S T M Designation D97-30 

These tests are ol value mily to indicate the temperature during 
\ery cold weather at which the oil in the crank-case may become too 
thick to flow when the etigim* starts This would result in hurned-out 
hearings and scored cvlinders The visctisitv of an asphalt base oil 
increases rapidl> as the temperature approaches zero l‘‘ahrenheit This 
mav hecoiiu 200, <)()() or moi(‘ in Si'iyholt seconds, while a tiaraffin base 
oil wnuild h(' apiiroximately 10,000 seconds, with both oils ha\ing the 
same viscosity at 210'' 1' 

Howovei, till ])aiaflin base oil because of the wax contained in 
the oil will solidify at a low' temperature depending uiion the quantity 
of wax contained’" ii the oil actually freezes in the crank-case in ex- 
tremely cold wc'athei, damage to the engine may result’® 

The paraffin basi oil has a better characteristic for starting in 
cold weather unless it becomes actuallv frozen in the crank-case be- 
cause of the wax prc'sent The asphalt base oil will not freeze und(‘r 
like conditions, but does becr)ine extremely viscous, thus increasing 
the load on the startei and battery 

Oil Consumption 

Oil c«>nsum])tion as indicated by loss of oil from the crank-case 
includes loss bv pumping and burning, by distillation, and by leakage. 
Table 3 shows the average loss tif oil fc'i* each ol the series of tests 

Improvf'd Paiaflni Hast* Oils, Inti & Knj; dK*iiiis(r.> Vol. 123, 

Mo 12, Decembor, 1931 

^'Wilkins, Oak and Barnard “Mtilor Oil lN*rfonnanco at I^ovv ’’I'emporaturos,” 
SA E Journal, Vol 22, 1* 213 



Tost 

No Runs 

Table 3 

Approx Hrs AveraK** Per Cent 

Oil Consumption 

Series 

Kach Oil 

Each Run 

Asphaltic 

Paraffin 

2 

4 

26 

48 

40 

3 

3 

22 

45 

26 

4 

6 

12 

45 

34 

5 

2 

25 

11 

13 

6 

5 

50 

30 

37 

Mghted 

average of all 

tests 

38 

33 



CONCLUSIONS 




It should be r(‘nicinbrrc*d that the foregoing study is in the field 
of automotive lubrication only, and that it covers what are considered 
to be a few typical oils representing the asphalt and paraffin bases 
The oils chosen are those that are in direct competition throughout 
most of the United States and are reprcseittative of many other oils 
sold 

This series of tests, while not as extensive as other tests upon 
the change in physical jiroperties of lubricating oil during use, has 
gone dceiier into the heart of the problem than any reports so far 
published have indicated Wear of important parts of the automotive 
engine determines the maintenance cost which is, as a rule, greater 
than the difTerence in cost between high and low grade lubricating 
oils. 

As a result of this study the following conclusions can he drawn: 

1. To the consumer the so-called physu al property tests of lubri- 
cating oils are of value chiefly for the piiriiose of identification, and 
for making certain that the oils jmrehased are up to the manufacturer’s 
specifications 

2. Viscosity tests are of value in adapting a lubricating oil to the 
needs of an engine, and for the identification of oils, hut do not ncccS' 
sarily indicate the lubricating value of an oil. A paraffin base oil, as a 
rule, maintains a more uniform viscosity with use than does an asphalt 
base oil. 

3 Distillation tests and flash and fire tests arc useful for identifi- 
cation and refinery control, but it is doubtful if there is any direct 
relation between these tests and lubricating value. Cloud and pour 
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tests may be important for 'selcctiriK oils to be used m extremely cold 
weather, but are not a guide in determining lubricating value ff>r 
normal operation. 

4. An oil testing high in carbon residue does not necessarily 
possess inferior lubricating properties The foregoing tests indicate 
that oils with high initial carbon residue have shown superior lubri- 
cating ability, although this study would seem to indicate that there is 
no direct relation between tin two The carbon residue test should 
be used only as a means of refinery control and identification Where 
other investigator^ have shown that tlu* carbon residue values influ- 
ence the rate of carbon deposition in the* combustion chamber, the 
foregoing tests wuiild s< t ni to indicate that other influences, such a^' 
leakage past the rings, were much more nni>t»rtant in forming carbon 
deposits 

5 (Operation under dust> conditions, such as farm work, reveals 
the desirability of dust proofing such c*ngines In these tests excess 
wear due to dust reached as high as 2000^^^ , and coiiscMiuently the com- 
parative value (»f any lubricant was accordingly diminished However, 
even in this case somewhat less wear was shown for the paraffin base 
oil 

() In the cimiparative tests, leakage and pumping losses were 
greater b} as much as 6''^ w’lth the asphalt than with the parafl'in 
base oils 

7 In automobile, laboratory, and field operation of the aiUomoluc 
engmes used in these tests, an average of 54 Vr greatei wear ejf the 
working parts took place walh typical asphalt base oils than with 
tyiucal paraffin base oils 
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Exteusive lubrication tests were conducted on two identical cars operated over 
ditlerent kinds of highway surfaces. Different lubricants were alternated between 
the two cars, thus affording comparison under identical conditions. 
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Tests on tractors doing farm work emphasized the need for adequate dust 
filters. Under dusty conditions, the wear on engine parts due to dust getting into 
the engine may easily overshadow the question of relative value of lubricants. 
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Small Scale Methods of Placer Mining and Placer 
Mining Districts of Washington and Oregon 

by Guy E. Ingersoll 


INTRODUCTION 

This bulletin supersedes Jkilletin 40 on hand methods of placer 
mining. Ten thousand copies of Number 40 were distributed and it is no 
longer available. In addition to the description of hand methods of 
placer mining, this bulletin describes a few of the methods and power 
machines used for jilacer mining, especially for the recovery of fine 
gold that is lost in ordinary sluice boxes The author does not attempt 
to describe or mention all of the machines on the market to recover 
fine gold, but mentions a few that have been advertised in the technical 
mining publications We ha\e not tested any of these machines and do 
not guarantee results on any of them 

In times (»f depression gold mining is a thriving industry There 
IS a ready market for the gold The gold recovered in mining opera* 
tions adds to the wealth of the country Placer mining takes the UU' 
emjiloyed away from the cities into a better environment 

J)uri-ig the summer of 1932 there was a big rush of people, men, 
women and children, to the streams of the Pacific Northwest in search 
of gold It IS expected that this will be repeated in 1933 

This bulletin is dedicated to the unemployed of the v^tate of 
Washington If it will help anyone to recover enough gold to provide 
food, shelter, and clothing, it will have served its purpose 

Warning: 

All persons going into the woods and hills of the Pacific North- 
west should beware of the ticks found in this region, especially in the 
Bitter Root Mountains of Montana. The bite of these ticks may cause 
Rocky Mountain spotted fever. They are found from about April first 
to July first. People can guard against the danger of tick bite by 
having an innoculation made with a vaccine furnished free by the 
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Federal Government’s Rock Mountain Spotted Fever Laboratory at 
Hamilton, Montana. The innoculation should be taken in April, Your 
local physician or health officer may obtain this vaccine and give the 
innoculation. 


GOLD 

Physical Properties 

Gold is distinguished from other common metallic elements by 
its beautiful characteristic yellow color which it preserves untarnished 
on exposure under nearly all conditions. Pure gold has a high metallic 
luster. It is heavier than any common metal, being times as heavy 
as lead and nearly twice as heavy as silver, bulk for bulk. The pure 
metal is somewhat harder than lead but softer than copper, silver, 
platinum, zinc or iron. Gold is readily attacked by mercury (quick- 
silver) and dissolves in that metal, forming amalgam. If the liquid 
amalgam is squeezed through chamois skin, a yellow pasty mass re- 
mains. Gold is unattacked by any one of the simple acids, save selcnic, 
but dissolves in any mixture in which chlorine, bromine, or iodine is 
liberated. It also dissolves in potassium cyanide .solutions in the pre- 
sence of air. 

In nature, gold usually occurs native, that is uncombined. The 
mineral most commonly found with gold in lodes is iron pyrites, a 
yellow sulphide of iron. Others are copper pyrites, arsenical pyrites, 
zinc blende and stibnite. At the surface of the ground, where the 
lodes arc weathered, limonite, a yellow oxide of iron, is the best 
indicator of gold. In placers, magnetite (black iron sand) usually 
occurs. 


Occurrence 

Gold occurs in very small quantities in almost all rocks. Gold is 
seldom found in large masses of rock in amounts which can be mined 
at a profit. It is usually found in quartz lodes or veins, or from de- 
posits derived from them called placers. 

PLACER DEPOSITS 
Origin of Placer Deposits 

As a land surface is worn away, gold contained in veins or lodes 
tends gradually to become concentrated at the surface. This is shown 
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in Fig. 1. Some of it may remain practically in place. As erosion goes 
on, the gold-bearing rock will gradually settle down-hill. As erosion 
is continued further, however, the gold ultimately finds lodgement in 
streams together with sand and gravel. These are placer deposits. The 
gold sinks to the bottom and remains on bedrock, especially in joints 
and seams or in low places in the bed. As gold is about six or seven 
times as heavy as rock, it will sink, except the very finest dust, which 
may be carried away. The coarser gold generally remains in gulches 
and creeks near its source, forming gulch and creek gravels; the finer 
gold may be carried to rivers and supply gold for river gravels; 
some gold may be carried even to the sea. 

Location of Placers 

Placers formed in gulches, in beds of rivers, or on the sea shore 
may be elevated by general uplift of the region to levels above the 
present drainage lines. Some deposits worked for placer gold are far 
above the present streams 



Figure 1 

Sketch showing locations of placer deposits in relation to parent vein. 


Buried Placers 

Placer deposits may be buried under later deposits. Lava flows 
have often covered placer deposits. The later streams will take new 
courses and when they cut through the lavas may expose the old 
placer deposits on the hillsides. 
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There is a strong tendency for gold to work downward in gravels. 
It may halt at a stiff clay seam in the gravel bed, or it may descend 
to the bedrock. 


Characteristics of Placer Gravels 

The size of gravel varies from fine sand to boulders of several 
tons. The size of gravels affects the amount that can be washed or 
concentrated with a given volume of water. 

The shape of gravel may be round and water-worn, sub-angular 
or angular. Some gravels consist entirely of rounded stones with 
little sand; others, of stones embedded in clay. Sometimes this gravel 
is cemented. Angular pieces and crystallized gold, occasionally found, 
indicate nearness to the parent vein or lode. 

Values in gravel are expressed in cents or dollars per cubic yard, 
or square foot or square yard of bedrock. 

Size of Gold Particles 

The size of gold particles found in placer deposits varies greatly, 
ranging from large nuggets weighing several ounces or even pounds, 
to fine flour gold requiring 885,000 colors (gold particles or grains) 
to make an ounce or 500 colors to 1 cent The various sizes of gold 
particles have been classified by Young as follows: 

Nuggets: 

Coarse gold — that which remains on a 10-mesh screen (10 open- 
ings per linear inch). 

Medium gold — that which remains on a 20-mesh screen but 
passes through a 10-mesh screen (average 2,200 colors per ounce). 

Fine gold — that which passes a 20-mesh screen and remains on a 
40-mesh screen (average 12,000 colors per ounce). 

Very fine gold — that which passes a 40-mesh screen (average 
40,000 colors per ounce). 

Flour gold: 

170 colors to 1 cent (314,500 per ounce) 

280 colors to 1 cent (436,900 per ounce). 

500 colors to 1 cent (885,000 per ounce). 

Pure gold is worth $20.67 per ounce. Gold as it occurs in nature 
is usually alloyed with varying proportions of silver, and the average 
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value of placer gold may be roughly taken at about $18.50 per ounce. 
Medium gold as above defined is therefore worth about 84/100 of a 
cent per color, and fine gold about 15/1000 of a cent per color. 

Gold in the coarser sizes is much easier to recover. Fine or flour 
gold is apt to float off with the light material, either free or tied up 
in fragments and fine pieces thereof. 

Prospecting Placers 

Before installing equipment of any size, a placer deposit should 
be prospected to determine whether or not it will be worth working 
by primitive methods. Inasmuch as this pamphlet describes the simpler 
methods, the discussion to follow will be on the assumption that the 
gravel is shallow. 

The first search for placer gold is usually confined to stream 
beds, their bars, and to tributary gulches, since, as previously pointed 
out, the streams and their tributaries are principal agencies in the 
formation of placers Even though the most valuable deposits may 
be in benches high up on the slopes, their presence would almost 
invariably be evidenced by showings of gold along the streams below. 

In prospecting along a stream the prospector will pan the gravel 
at various points, selecting particularly such places as show evidences 
of concentration of heavy minerals by the presence of black sands. 
Since the gold and heavy sands will ordinarily be found concentrated 
^n bedrock, the prospector will investigate exposures of bedrock in 
and along the stream, especially depressions therein where these 
minerals may be caught. In addition, excavations to bed-rock will be 
made in the gravels of the stream bed and its bars and along its banks. 

In small-scale handwork, prospecting and actual mining, whether 
by panning, rocking, or sluicing, are conducted together as one and 
the same operation. That is to say, the deposit is prospected as it is 
mined, the work being shifted from place to place according to dis- 
closures made during progress of the work; the results of panning are 
ordinarily used as a guide. 

PLACER-MINING METHODS 

Placer mining is conducted by both open-cut and underground 
methods. Underground placer mining, commonly known as “drift 
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mining,” is employed in mining buried placers. Open-cut methods may 
be classified on the basis of equipment employed, as follows: 

1. Hand methods: 

a. Panning 

b. Rocking 

c. Long Toms and surf-washers. 

d. Sluicing, including ground sluicing and “booming.” 

2. Power Methods: 

a. Power methods of gold extraction 

1. Mechanically operated pan, rockers, sluices and tables 

2. Mechanically operated amalgamators and flotation cells 

b. Power methods of excavation 

1. Drag scraping 

2. Hydraulic mining 

3. Power shoveling 

c. Combined power methods of excavation and extraction 

1. Dredges 

3. Dry Placer Mining 

Hand methods are applicable to small-scale operations and, since 
little capital expenditure is required, are suited to the small individual 
operator or group of operators possessed of only small means. They 
are in general applicable to deposits of shallow depth having only a 
shallow covering of barren material. 

Pan 

The pan and rocker are used by prospectors in searching for 
placers. The pan is a circular dish with sloping sides with a top dia- 
meter of 10, 12^, 16, or 16 % inches and a depth of 2 to 2 % inches. 
The sides slope 35 to 40 degrees. A gold pan can be purchased in 
nearly any hardware store A pan should be light, but stiff enough 
to stand rough usage. The inner surfaces must be smooth, bright and 
free from grease and rust. If properly cared for, pans of steel meet 
these requirements, and are cheap. Aluminum pans are light, do not 
rust, but lack stiffness. Pans of copper, or with copper bottoms and 
with steel rim are sometimes used. For fine gold which will amalga- 
mate (be wet by quicksilver) the bottom is silver plated and coated 
with mercury. 
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Operation of Panning: 

A 16-inch pan will hold from 15 to 20 pounds of dirt, depending 
upon the character of the ground, and a 10-inch pan will hold from 
3 to 5 pounds A good placer miner, by continuous washing may in 
10 hours pan from ^ to 1 cubic yard, depending upon the amount 
of water and character of the gravel. 

A pan of gravel is placed in water, the gravel thoroughly wetted 
and stirred by hand to break up lumps of clay, and the larger stones 
are picked out. The pan, still under water, is then given a shaking 
or gyratory motion, which brings the light material to the surface 
and allows heavy particles to settle. 

The pan is held tilted slightly away from the operator. The motion 
of the pan serves to concentrate the gold and heavy minerals around 
the edge of the bottom of the pan. The washing away of the light 
material is helped by alternately raising and lowering the far edge or 
lip of the pan above and below the surface of the water. The pan may 
be occasionally lifted entirely from the water and shaken vigorously 
with the u>ual circular motion to concentrate the gold and heavy 
sands and to bring the pebbles and fine light material to the top. This 
material may then be scraped off the bp of the pan with the thumb, 
tliiis hastening the operation of panning The panning is continued 
till only the gold and heaviest minerals remain in the pan. Toward 
the end of the operation it may be well to finish panning in a tub of 
w^atcr instead of in the stream, since any gold that may be inadvert- 
antly carried away may later be recovered by repanning the contents 
of the tub The final product is dried and black sand is removed with 
a magnet C<iarse gold can be picked out color by color and fine gold 
may be recovered by amalgamation with mercury. 

Identification of Gold: 

With a little experience gold is readily distinguished from the 
other minerals, the ones which are most deceptive to the novice being 
pyrite and biotite mica. Pyrite is often mistaken for gold by the novice 
because of its yellow color. Pyrite is very brittle, however, and can 
easily be crushed. Gold, on the other hand, is malleable, and when 
pounded it simply flattens out without breaking. Faces of pyrite 
crystals usually reflect slight changes of color when turned about in 
the light, whereas gold looks the same from all angles vSometimes 
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placer gold takes on a rusty appearance due to a filnn of iron oxide 
which obscures its true color and character. As the proportion of 
silver alloyed with the gold changes, the intensity of the gold color 
will vary, till in electrum (gold alloyed with upwards of 18 per cent 
of silver) a pale silvery-yellow color is characteristic. Biotite mica 
often alters to a bronze color which may give it the appearance of 
gold. Mica, however, reflects different shades when turned about or 
viewed from different angles in the light, and if hammered will break 
up into thin white flakes. The great difference in weight between gold 
and mica permit their ready separation by panning. 

Performance of Panning: 

Panning is slow, tedious work. The only tools required are a 
pick, shovel, and a pan. It is a favorite poor-man’s method and is a 
common temporary method in a new district. The pan is indispensible 
for testing gravel when prospecting and for cleaning up rocker and 
other concentrates in large-scale sampling and mining operations. 

An experienced man can carefully pan about 100 pans in 10 hours, 
the exact amount depending ui)on the skill of the panner, the extent 
to which the gravel is cemented and whether it is clayey or not, and 
the size of the gold. The ordinary gold pan is estimated to hold 267 
cubic inches on the average — or, putting it the other way around, 176 
pans are equivalent to 1 cubic yard of material in place. At Fairbanks, 
Alaska, most miners compute 189 pans per cubic yard. A good panner 
will therefore pan about 6/10 cubic yard per day, and in order to make 
$5.00 per day, the dirt would have to average about $10.00 per cubic 
yard. This would be considered rich gravel today. Tn exceptional cases 
a man will sometimes pan 1 cubic yard per day. 

Sampling Placer Deposits: 

For large deposits of low-grade placer material which can only 
be worked profitably by mechanical means involving large capital 
expenditures, a thorough preliminary prospecting of the deposit is 
essential. This may be done by means of test pits or drill holes, de- 
pending upon the characteristics of the deposit in each case. It is not 
within the scope of this paper to discuss such operations, but it may 
be said that the gold pan is an important implement in this con- 
nection also. 
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Rocker 

After testing the ground with a pan it may be decided to work 
the deposit with a rocker. Figure 2 shows a rocker. A rocker some- 
times called a cradle or dolly, consists of a box on rockers similar to 
the old fashioned baby’s cradle. The general dimensions may be con- 




PLAN 

— From Von Bernewitz “Handbook for Proapectors’ ’ 


Figure 2 

Plan and Elevation of a Rocker. 

veniently 48 inches long, 18 inches wide, and 18 inches high. The long 
sides are cut at a slope from about the center to a height of 4 inches 
at the front end. In the higher or rear end is placed a hopper or sieve 
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with a tin bottom, inch holes; under this and sloping toward but 
not touching the rear wall is supported a frame, holding a canvas 
apron slightly sagging or a sloping board covered with burlap and 
riffles. A handle is attached to stand up above the box, by which the 
apparatus is agitated sideways during operation. It will readily be 
seen that the details of the dimensions of the rocker may be varied 
according to the character of the dirt to be treated and the supply of 
material available. 



Figure 3 

Rocker in use near Wenatchee. This has been called a “Chinese figure 4 rocker.*^ 
Note the screen in the top section. 


Operation of' the Rocker: 

In operating the rocker, the sieve is filled with dirt, and water is 
poured in by a ladle or small stream and the whole rocked. This clears 
the feed of fine sand and muddy water, when the larger gravel can 
be lifted out after a final cleaning. The fine material passes through 
the sieve on to the canvas apron. 
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Figiir« 4 

Side view of rocker used near Wenatchee. The lower sections have burlap or an 
old blanket in them held in place by a screen. 


Most of the gold is retained on the apron; more is caught on the 
bottom, which may have cross riffles. Clean-ups are made at intervals, 
depending on the richness and character of gravel. For saving fine 
gold, the material on the floor of the rocker must be kept loose and 
free, and spread evenly. Clayey gravel, or that containing much fine 
black sand often packs behind riffles and tail piece and requires fre- 
quent clean-ups. Before cleaning-up, the material back of the tail- 
piece is removed, dumped into the screen and re-rocked. The apron 
is then lifted out and its contents washed into a pan for final con- 
centration. 

Performance of Rocker: 

A rocker may be operated by one man, but two are better. They 
spell each other in rocking and handling gravel and tailing. Purington 
gives the work accomplished by two men rocking steadily as 3 to 5 
cubic yards per 10 hours. 
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Long Tom 

Long Tom is an open box having at its lower end an inclined 
screen, punched usually with % inch holes. Figure 5, shows a Long 
Tom. 

Running water is carried to the head end by a small flume. Gravel 
is shoveled into the Tom, and large stones forked out; the fines are 
worked through the screen and, with the water, fall into a wide-riflfle- 
box set on a flatter grade than the Tom. The gold is caught behind 
the riffles with, or without, the aid of mercury. The capacity of a Long 
Tom depends largely upon the amount of gravel which can be shoveled 
into it. Wilson says that 2 men (1 shoveling to the Tom and 1 work- 
ing on it) can wash 6 cubic yards of ordinary gravel in 10 hours. At 
times the Tom is operated by 4 men; 2 shoveling in, 1 forking out 
stones, and 1 shoveling fine tailing away from end of the riffc-box. 




Pigiire 6 

Pljin and Elevation of Long Tom. 


Sluicing 

Sluicing is a general term applied to many forms of placer mining. 
A sluice is an inclined channel or trough, through which gravel is 
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carried by a stream of water. Stones and light sands pass through 
and run to waste at the lower end. Gold and other heavy minerals 
settle to the bottom and are caught in riffles. A riffle is a groove or 
interstice, or a cleat or block so placed as to produce the same effect, 
on the bottom of a sluice. Wooden sluices are sometimes called “Box 
sluices.^' Inclined ditches, in gravel or bed-rock, are “ground sluices. “ 
Riffles in ground-sluices are formed by the natural irregularities of 
their bottoms. 

Construction of Sluices: 

Sluices are made in sections, usually 12 feet long. Each section is 
called a “sluice-box ’’ Figure 6 shows a typical sluice-box for shovel- 
ing-in and other small work. Sides and bottom are 1 inch by 12, 14, or 
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— From Engineering and Mining Journal 
Figure 6 

Plan and section of sluice box showing collar. 
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16 inch boards, rough or planed on one side. The bottom is 2 inches 
narrower at one end than the other so that adjacent boxes will tele- 
scope a few inches into each other. Sluices may rest on bed-rock or be 
set in ditches, or elevated. Figure 7 shows a sluice-box set up. 
Sluices arc braced laterally by inclined struts. Figure 8 shows a sluice- 
box with men shoveling in. On the side of the sluice opposite each 
shoveler is a board against which the gravel is thrown, instead of 
being shoveled carefully into the sluice. This makes the work more 
efficient and prevents spilling. A collar may be placed at the junction 
of each two boxes (see Fig. 6) thus eliminating cross-braces, which 
obstruct the sluice and interfere slightly with cleaning up. Some sluices 
may also be made with flush joints, like a flume. (Shown in Fig. 9.) 
Some operators say this reduces the tendency to clog, but the tele- 
scoping box is most used because it is easily erected and moved. These 
sluices have a short life, but are cheap and well suited to small work. 
Worn out boxes should be burned and the ashes rocked or sluiced to 
recover gold which lodges in cracks and joints. 



— Prom Encyclopedia Britanniea 

Figure 7 

Plan and Hection showing sluice set up. 


Riffles for Small Sluices: 

Figure 9 shows forms of riffles commonly used for shoveling-in. 
The pole riffle is a favorite in Alaska for coarse gold. Transverse (or 
Hungarian) riffles offer greater frictional resistance, clog more easily. 
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and cost more than the longitudinal riffle, but is a better saver of fine 
gold. In a string of sluice-boxes both types are commonly used, the 
number and distribution of each depending on the operator’s fancy. 
Small riffles are fastened by nails driven into them through the sides 
of the sluice; as the nails are not driven home, they are easily pulled 
when riffles are removed for clean-ups. Wedges may be used instead 
of nails but are troublesome. 

Many different kinds of riffles have been devised bv the placer 
miner. Usually the available material determines the selection Round 
wooden poles, poles protected by iron strips, wooden blocks, cobble 
stones, steel rails, and metal grids are some of the kinds used in sluice- 
boxes where the ordinary run of coarse and fine gravel must be 
handled. For fine sand and gravel, smaller riffles of cari)et, blanket. 



— Prom Engineering and Mining Journal 

Figure 8 

Sluicing gravel at the Alaska fields: hand method of moving the material. 
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burlap, cocoa matting protected by expanded metal, corrugated rub- 
ber, sponge rubber, or riffles are used. The form of riffles and the 
spacing should be such as to permit large stones being slid or rolled 
along the bottom of the sluice. Riffles are subjected to intense wear 
and the surface receiving the wear should be protected by steel strips 
wherever possible. 



PLAN OF FLUME-TYPE OF SLUICE BOX 
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— Prom Engineering and Mining Journal 
Figure 9 

Plan of flume type of sluice and riffles commonly used. 
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Length of Sluices: 

Sluices should be long enough to disintegrate the gravel and free 
the gold. For loose gravel this is accomplished in 100 to 300 feet. 
Crude shoveling-in operations in Alaska often used only 3 to 6 boxes 
with a total length of 36 to 72 feet. No attempt was made to save very 
fine gold. Drops (vertical falls) may be installed (where topography 
allows) to break up cemented gravels and lessen the length of sluice. 
The general practice is to lengthen a sluice so long as the yield from 
the lower boxes, exceeds the co.st of installing and operating them. 
The velocity of flow largely determines the minimum size of colors 
caught by the riffles, therefore, a greater length than is necessary to 
disintegrate the gravel is useless. Short sluices with drops and under- 
currents are often more efficient gold-savers than long sluices without 
them. 


Method of Cleaning-Up 

The clean-up, which is usually made weekly or at 10-day intervals, 
is simple, although details vary more or less at different mines. The 
riffles arc first removed by withdrawing the nails holding them to the 
boxes and arc washed free from all adhering gold and gravel. As a 
general thing, except perhaps once a month or at the end of the sea- 
son’s work, only the upper boxes are cleaned up, since these and the 
dump box catch by far the greater proportion of the gold. If it is not 
desired to take the time and labor necessary for a careful clean-up, 
the gold may be concentrated without moving, but it is more often 
shoveled into pails or pans and carried to the upper boxes. A box that 
is smooth and comparatively free from knot-holes, cracks and seams, 
near the lower end of those to be cleaned, is then chosen, and a block 
of wood 2 or 3 inches high is fitted tightly into this to serve as a dam 
to catch the black sand and other concentrates. 

Water is next turned on in just sufficient quantity to move the 
material slowly down the boxes and is carefully regulated to prevent 
too rapid movement, since the gravel and gold, on passing from a 
rough box into one with a smooth bottom, are likely to be flushed 
down too quickly, in which case they may over-ride the dam and make 
it necessary to carry everything back to the upper boxes. Two or three 
men, with wooden paddles about 3 feet long and 3 inches wide work 
over the concentrates as they wash down, placing the paddles on the 
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bottom and pushing up against the current through the concentrates. 
Care is taken to keep far enough down, moving from place to place, 
to avoid disturbing the gold, which collects at the upper end and be- 
comes cleaner as the whole gradually works down. All rocks of any 
size are thrown out by hand. The water is turned off while the gold, 
containing considerable black sand and other imprities, is several feet 
above the wooden block inserted as a dam, A large flat rock is 
placed against one side of the box, and the enriched concentrate 
is brushed over against this side. A little water is then turned 
on, and the gold is cleaned by brushing the water against the con- 
centrate with a stiff whisk-broom. The black sand is gradually 
Washed away, the gold remaining behind in a comparatively clean 
dondition. The clean-up may be helped by dividing the concentrates 
into two or more parts to be worked over by two or more men. In 
any event one man usually goes over the upper boxes with a whisk 
broom and carefully brushes down all gold that has remained behind 
This is not done if only a rough clcan-up is dt'sired, and if little time 
is available the concentrates as stopped by the dam, gold and all, may 
be removed at once from the box and cleaned by panning or otherwise. 

POWER METHODS OF EXTRACTION 

Some localities are known where gold occurs in gravels in amounts 
too small to be worked by hand at a profit. With mechanical means 
of handling these gravels, much more yardage can be worked so that 
these deposits may pay. Such machines should be small and inexpen- 
sive. They should be .so constructed that they could be moved easily 
along a river bank. The power plant should be a small gasoline engine 
They should be operated by from one to three men. Such a machine 
should be equipped with a small pump to furnish water. 

Portable machines for extraction of gold naturally are built upon 
the simple basic principles of equipment used in hand methods. There- 
fore these machines fall under the heading of mechanically operated 
pans, rockers and sluices, 

A mechanical gold pan as shown in Figures 10 and 11 is manufac- 
tured by the Denver Equipment Company of Denver, Colorado. This 
machine has the oscillating motion of the hand operated pan. It has 
a hopper at the top with screens. Below the screens are three pans, 
one under the other. The top pan is a copper amalgamating pan, and 
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Figure 10 

The Denver Mechanical Gold Pan, asaembled ready for work. The hose shown at 
the right brings the water to the machine. 

the lower two pans are of steel with a piece of rubber matting on the 
bottom and a heavy wire screen placed over the matting A small 
pump furnishes water for the operation. The machine is powered by 
a horsepower gasoline engine, which is said to use but 1 gallon of 
gasoline in ten hours. It is claimed that this machine will handle 154 
cubic yards of gravel per hour. 

Mechanically Operated Sluices: 

Preliminary tests are being made on a mechanically operated 
wide sluice at the Washington Stale College School of Mines. It in- 
volves the use of a trommel above the hopper which will screen out the 
coarse gravel. The sluice box has corrugated rubber riffles on the up- 
per part and a sponge rubber on the lower part. An eccentric motion 
is given the sluice box. A small gasoline engine will furnish power for 
the trommel, eccentric motion, and the pump which feeds the water 
into the machine. Tests made so far indicate that this machine will 
separate fine gold that would not be caught by ordinary hand methods. 
The machine will be of simple design, easy to build and will be 
mounted on runners so that it can be dragged along so as to be near 
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the point of excavation and so that the oversize gravel will not hamper 
operations. Gravel wiU be shoveled into the hopper by hand. Draw- 
ings and a description of this machine will be furnished on request 
after this machine has been developed. 



Figure 11 

Tho Denver JMeohanieal Gold J*an opened up with the pans pulled out showing 

construction 


A machine somewhat similar to the one described above is on the 
market. It is the G-1^) J’ortable Placer Machine, manufactured by the 
Mine and Smelter vSuppIy Company, of Denver, Colorado. This ma- 
chine is designed for deposits where there is a scarcity of water for 
placer mining. It consists of a tank, holding about 42 gallons of water, 
upon which is built a feed hopper, launders, mechanically agitated 
riffles, and a drag classifier which dewaters the tailings. The riffle 
pans are made of copper and can be amalgamated The water is used 
over and over. A ^ horsepower gasoline engine operates the machine. 
The machine can be placed on the rear seat of an automobile. The 
G-B Portable Placer Machine is shown in Figure 12. 
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METHODS OF CATCHING FINE GOLD 

Methods of catching fine gold may be divided into Mechanical 
and Chemical methods. Mechanical methods include the use of ap- 
paratus such as undercurrents, canvas tables and some of the power 
placer mining machines. Chemical methods include amalgamation and 
flotation. 

Mechanical Methods: 

It may be well to mention a few of the basic principles to con- 
sider in the saving of fine gold by mechanical means. Among these 
principles are sizing or screening of the material, velocity of the water 
and the surfaces used in catching the gold. 



Figure 12 

The G B Portable Plaoer Machine This machine is designed for localities where 
water i.s not plentiful 

Screening: It is important to screen out the coarse material It re- 
quires a much greater volume and a very much greater velocity of 
water to carry coarse material than to carry fine sands Water at this 
great velocity would carry the fine gold and not allow it to settle 
Coarse material might injure the surfaces for catching fine gold. It 
has been found that material passing through a 10-mesh screen is 
suitable to use in most of the processes for catching fine gold. 

The separation of the coarse gravel may he accomplished by the 
use of grizzlies, screens or trommels Grizzlies consist of parallel bars 
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or rails separated by varying fixed distances, usually set on an incline. 
When gravel or other material made up of pieces of various sizes 
is dumped upon a grizzly, much of the finer material or undersize will 
fall between the rails and the coarser material, or oversize, will slide 
over the rails. Screens may be of woven wire, or may be a steel plate 
with holes punched in it. The mesh of wire screens is designated by 
the number of openings per lineal inch. Thus 40-mesh screen has 40 
openings per lineal inch, or a square inch of 40-mesh screen would 
have 40x40 or 1600 openings in it. 

A trommel is a revolving screen. It consists of a cylinder open at 
both ends with one or more screens around it. A trommel revolves 
upon an axis and usually slopes so that the oversize of the material 
fed into the upper end will roll out of the lower end. With material 
like gravel where it is necessary to screen *out fine material, it is often 
desirable to separate the coarse material first in order to protect the 
finer screens. This may be accomplished by having a steel plate with 
large openings on the inside of the trommel. Outside of this screen 
is a finer one which receives the undersize of the coarser one. Trom- 
mels for screening gold bearing gravels often have in them a pipe 
with holes in it for spraying water on the gravel. This water and 
the rubbing of the pebbles as the trommel revolves breaks up the clay, 
loosens the fine sand and gold and washes it through the screens. The 
pebbles assist in scouring up the gold and thus make it easier to 
amalgamate if desirable. 

Gravels may be screened by hand through a sloping wire screen, 
but unless water was sprayed upon the screen a considerable amount 
of gold would stick to the pebbles and be lost. 

Velocity of the Water: It was .stated above that the greater the velo- 
city of the water the larger or heavier the material it would carry. If 
water with a velocity great enough to carry sand and gravel is slowed 
up, some of the coarser and heavier material will settle out. If one of 
two particles of the same size is heavier than the other, the heavier 
one would settle in running water quicker than the lighter one. Thus 
gold being about five times as heavy as ordinary rock will settle out 
much faster than sand. The gold found in the sands of the large rivers 
is usually very fine or in thin flakes and easily carried by swift 
currents of water. To catch this gold it is necessary to get it into a 
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stream of water that will carry it and then slow up the water and let 
it settle out on a surface that will hold it. The river sands usually 
contain black sands which are quite heavy and will ordinarily settle 
out with the fine gold. This often i)acks in the riffles or surface for 
holding the gold and the gold then slides over the black sand and is 
lost. It is believed that a vibrating motion of a sluice or table for fine 
gold will keep the black sand in suspension and allow the gold to 
settle. This principle is utilized in the machine being developed at the 
School of Mines at Washington State College. This machine is de- 
scribed above 

Various materials have been used for catching fine gold. Among 
there are rubber matting used in the Denver Mechanical Gold Pan 
described above; corrugated rubber and sponge rubber used on the 
W. S. C. machine; canvas, burlap, carpets, blankets, etc. Screens are 
sometimes laid on top of this material. 

Undercurrents and canvas tables, as mentioned above, are among 
the simple devices with no moving parts using mechanical means of 
catching gold These arc described below 

Undercurrents: 

In order to relieve the sluices of the finer material, and thereby 
aid in saving the gold, undercurrents are introduced into the sluice 
line These may be descrd)cd as broad sluices set on a heavy grade 
at the side of and below the main sluice. (See Figure 13.) 

Where a drop off can be made in the main line, parallel steel or 
iron bars, 1 by 4 inches, with intervals of 1 inch between them, and 
10 to 20 in number, according to the size of the undercurrent, are 
placed edgewise across the sluice A set of such bars is called a 
“grizzly." It is set 1 inch below the sluice pavement which is raised 
as it wears down. If too low, the grizzly clogs with gravel 

The coarse material passes over the grizzly, and if the topography 
permits, is dropped and picked up again in sluices at a lower level 

The finer gravel drops through the bars into a box about 20 inches 
deep, lined with blocks and set at right angles to the main line This 
box carries the material to the chute at the upper end of the under- 
current. 
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— From Bowie “Hydraulic Mining’ 

Figure 13 

North Bloomfield Undercurrent. 


This chute is lined with cobbles and provided with “dividers” 
of wood to evenly distribute the material over the surface of the 
undercurrent. It has 2 or 3 per cent grade and gradually narrows to- 
ward the lower end The undercurrent proper is a shallow wooden 
box, 20 to 50 feet wide, and 40 to 50 feet long, with sides about 16 
inches high. It should have, if possible, 8 to 10 times the width of 
the main sluice. The bottom is made of 1^ inch plank tongued and 
grooved, and set on a grade of 8 to 10 feet drop to 100 feet, according 
to the smoothness of the riffles employed. It is paved with cobbles, 
wooden rails shod with strap iron, or small wooden blocks. With the 
smooth rails a grade of 12 inches in 12 feet is sufficient; but with 
blocks the grade should be increased to 14 inches in 12 feet, and with 
cobbles to 16 inches in 12 feet. 

The gravel escaping from the undercurrent is led back to the 
main sluice. 
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The chief cost of maintenance is occasioned, not by the under- 
current itself, but by the repairs on the main sluice and grizzly, caused 
by the introduction of the latter into the sluice line. The running ex- 
pense of a wide undercurrent is no more than that of a narrow one, 
excepting in the slight matter of pavement and cleaning-up. 

An interesting account of the use of undercurrents to catch fine 
gold in the Snake River is found in Transactions of American Insti- 
tute of Mining Engineers, Volume Will, 1889, pages 597 to 609. The 
sands worked were bars in the rBver Ditches carried the water and 
gravel to sluices w'ith “grizzlies’" of perforated iron plates. The finer 
material was carried to undercurrents covered with burlap weighing 7 
ounces to the yard. The length and grade of the sluices and under- 
current varied with the conditions present. In the clean-up the burlap 
was taken out of a section and washed in a tank of water. 

Canvas Tables: 

Canvas tables are inclined rectangular tables covered with canvas 
(cotton duck) Figure 14 shows a canvas table The table has a slope of 
from inch to 1 inch per foot. It is about 8 feet wide and 16 feet 
long. The table is divided into four longitudinal sections by strips of 
wood, and the feed is made so that the flow can be cut off any section 



(/anvas Table. 
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for clean-up, allowing the other sections to carry the sands. The fine 
sand, to which the clean water is added if necessary, is evenly dis- 
tributed across the upper margin as it flows down. The sizing action 
of the film of water operates more effectively than with a smooth 
bottom. When the meshes have become pretty well filled with black 
sands and gold the flow of sand is stopped and the remaining sand 
washed off with clear water, and finally the concentrate either washed 
or broomed off. 

As the warp of the canvas always projects higher than the woof 
a piece of duck will offer more resistance by placing the warp across 
the table, than when down the table. On the other hand a coarser 
duck run lengthwise may have the same effect as finer duck laid across- 
wise. Various grades of cotton duck arc used ranging from No. 4 to 
No. 8. Each side of the latter has a life .of about 5 months when 
w^ashed off with a wide, flat, broom-shaped jet, which is much more 
effective than a corn broom, and, moreover, the use of a broom halves 
the life of the canvas. The canvas is usually slipped up a little every 
four or six weeks to relieve it from wear due to the joints on the 
board table beneath, and when worn out on one side, so that it ceases 
to catch well it is turned over. When a new canvas is put on, the old 
one is burned, the ashes being worked up for gold. Canvas tables 
operate most efficiently on fine .sands which would pass 60 to 100 
mesh screens. 

Sponge rubber could be used instead of canvas on these tables 
and it is likely that the gold recovery would be greater. To make a 
clean-up the sponge rubber cover would have to be removed and 
washed in a tub of water. 

“Rusty” Gold: 

“Rusty” gold is gold that has a surface coating of iron oxide, 
grease, or a film of antimony or arsenic. “Rusty” gold may be diffi- 
cult to separate from>black sands by amalgamation because the mer- 
cury will not wet the gold. For small clean-ups the black sands and 
“rusty” gold may be put in a porcelain dish and barely covered with 
water. A few drops of concentrated nitric acid added to the mixture 
will probably clean the gold so that mercury will wet it and separate 
it from the black sands. For larger amounts of concentrates a “clean- 
up” barrel is used if the gold is “rusty.” A clean-up barrel is a cylindri- 
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cal steel drum mounted upon an axis so that it can be revolved. The 
barrel has a small opening which can be tightly closed with bolts. It 
should he tight so as to hold mercury. The black sand with the “rusty" 
gold and some mercury are put into the barrel. Coarse gravel is added 
and the opening closed, and the barrel is revolved The grinding action 
of the pebbles will scour the gold, and the mercury will amalgamate it. 



— From Richards "Ore Dressing." 

Figure 15 

Cross section of Black Hills Trap. 
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AMALGAMATION 

Amalgamation is the property of mercury which enables it to form 
alloys with gold and silver. 

Amalgamation Apparatus: There are numerous devices to recover gold 
by amalgamation. Three forms of amalgamation apparatus will be de- 
scribed here: The Black Hills mercury trap, the Pierce Amalgamator, 
and the Gibson Impact Amalgamator. These amalgamating devices 
operate niDsi efficiently on material passing at least a 10-mesh screen. 

The Black Hills Mercury Trap: The Black Hills trap, shown in 
Figure 15 consists of two adjustable gates and one dam, all of wrought 
iron and sliding in grooves in a rectangular wooden box. The gold 
bearing sands enter the box at the feed end, pass down under the 
first gale, up over the overflow which is considerably below the level 
of the feed. The trap is 48 inches long, 14 inches wide, and 48 inches 
deep The gates are all d nu lies above the bottf>ni The dams are 1^2 
3 and 4 inches respectively beh)w the top Mercury is poured in the 
trap so that the lower part of the plates are slightly covered The 
plates can lie raised or lowered so that* if the trap overflows at the 
back the plate can be raised slightly In cleaning Black Hill traps, the 
gaters and dam arc all taken out The amalgam is removed and treated 
This process \m 11 be described later 

Pierce Amalgamator: The Pierce Amalgamator consists of num- 
erous L-shapecl c()i)per riffle's (C) (Fig. 16), which are treated with 
quicksilver. These are so arranged that the water carrying the sand 
enters at (A) and sweeps all particles repeatedly against the amal- 



— From “The Min© and Smelter Supply Company” catalog. 
Figure 16 

Pierce Amalgamator. 


34 


gamated surfaces (C). The L-shaped bottoms of the riffles (D) also 
contain quicksilver into which “rusty” gold iwll sink by gravity. 

Gibson Impact Amalgamator: This machine is manufactured by 
W. W. Gibson, San Francisco, California. This amalgamator consists 
of a tray with a rubber bottom to which baffles are attached. These 
baffles hold up 5 or more plates silvered on both sides. The plates 
stand on edge and extend the full length of the amalgamator. They can 
be removed easily for a clean-up. There are riffles in the amalgamator 
bottom at right angles to the plates, which gradually decrease in 
height from the intake to the discharge end. A lid is bolted down over 
the tray. The Gibson Impact Amalgamator is operated with a head- 
motion and is generally operated on the decks of concentrating tables, 
but a head-motion and frame can be purchased This machine is shown 
in Figure 17. 



Figure 17 

Thf* Gibson Impact Amalframator The upright plates art* of copper and are silver- 
plated They are held in place by rubber baffles. 


CARE OF AMALGAMATION PLATES 

Amalgamation plates are of copper and are usually silver plated. 
The amount of silver varie.s from 1 or 2 to 5 ounces per square foot of 
plate. If the copper is not silver plated it is more difficult to keep 
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the plates in good condition. To prepare the copper plates for amalga- 
mation they may be washed with caustic soda and scoured with sand 
to remove all traces of grease. A small amount of mercury is then 
sprinkled on the plate and rubbed on thoroughly. A whisk broom is 
often used to distribute the mercury over the plate. If gold or silver 
amalgam is available it should be rubbed on the plate as it will help 
to catch gold If too much mercury is put on the plates there will be 
a loss of both mercury and gold. If there is not enough mercury on 
the plates the coarse gold may be caught but the fine gold will escape. 
The mercury is best sprinkled on with a small iron bottle or pipe with 
cloth, such as bed-ticking tied over the top. This cloth should be kept 
dry. 

To clean up the plates, a small amount of mercury is sprinkled on 
to soften the amalgam. This is rubbed lightly, after which the amal- 
gam is scraped up from the lower end with a rubber or hard-wood 
scraper Near the head-end scraping is done with an amalgam knife 
or chisel, but care must be taken not to groove the plate. After the 
amalgam is removed fresh mercury is sprinkled on the plates. 

Care of Mercury: 

Mercury sometimes becomes contaminated with grease or thin 
films of sulphates and other chemicals. It gathers in small globules 
which will not unite nor amalgamate gold, and the mercury is said to 
be “sick." Squeezing the mercury through cloth or chamois will not 
remove these films. It should be covered with a weak acid solution, 
or lye or metallic sodium, or even be retorted before using again 

Cleaning Amalgam; 

The amalgam before cleaning, is mixed with more or less sand, 
and other materials Amalgam is softened with an excess of mercury 
and stirred in buckets or ground in a mortar to bring the base material 
to the top for removal. The excess mercury is removed from the 
cleaned amalgam by squeezing through chamois skin, or drill, or other 
strong cotton cloth. The amalgam may be sold to an assayer or may 
be retorted. 

Retorting Amalgam: 

The cleaned amalgam is broken and packed loosely into a pot 
retort which is a kind of still, coated inside with clay, chalk, or paper. 
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The retort should not be more than three-quarters full. The cover 
is provided with an asbestos gasket or luted with clay to assure 
a tight fit and keyed down. The retort is then placed on its stand 
and heated by wood, coal or gasoline. The heat should be raised very 
gradually, as volatization of the mercury should not start for about 
one hour. The mercury fumes are condensed in an iron pipe leading 
from the top of the retort and fitted with a condenser thrf)Ugh which 
water runs continuously. The mercury is recovered in a vessel con- 
taining water If no condenser is provided, the pipe should be cov- 
ered with gunny sacking kept thoroughly wet The retort should be 
kept at dark-red heat until nearly the end, when the heat is raised 
to cherry red. This heat is maintained for 15 minutes or so after the 
last of the mercury has been driven off. The pipe is usually tapped 
with a hammer to determine whether volatization is complete 

Precautions: The retort is allow'ed to cool gradually and should 
not be opened until cold. Care must be taken to do all retorting in 
a well-ventilated place, with the outlet of the retort kept outdoors, 
for mercury fumes are very poisonous. The lower end of the retort 
pipe should not be under water, for a fall in the temperature might 
create a vacuum, thus drawing the water into the retort and causing 
an cjtplosion It is safer to place a piece of sacking over the end and 
keep it soaking wet. 

The small balls of amalgam obtained by the lone miner are often 
placed on a shovel and held over a fire to drive off the mercury 

This should only be done outdoors, and the miner should keep away 
from the fumes. 


FLOTATION 

Flotation is based upon the principle that most metals and metal- 
lic minerals, when mixed with water and a small amount of certain 
reagents, collect these reagents on their surface and are floated by 
bubbles attaching themselves A frothing agent causes a foam which 
floats on the top of the liquid and catches the metals or minerals 
According to A W Fahrenwald in the Mining Journal, January 30, 
1933, “The flour gold in river bar sands, only a small percentage of 
which can be caught by dredging, is readily recovered by flotation 
The gravel is screened on a 14 to 20 mesh screen to remove coarse 
sand, pebbles and boulders. The product passing through the screen 
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can then be floated direct. The concentrate produced usually does not 
weigh more than one-hundredth of the original and assays $100 to 
$1000 a ton. The gold floated from black sand concentrate is nearly 
pure gold, only a little of the sand floating.*' This process would re- 
quire the handling of the gravel in large amounts. 

THE FOLLOWING POINTS WERE EMPHASIZED AT THE 
PLACER MINING SCHOOLS WE PARTICIPATED IN DURING 
THE SUMMER OF 1932. 

1. Don't start out on a prospecting trip without the proper amount 
of equipment. Have food and clothing for at least 30 days. The 
game laws apply to prospectors as well as to the other people. 

2. Don’t expect to have an easy time prospecting. Placer mining is 
hard work and you will probably meet with many disappointments 

3. Don’t work on privately owned land or on anyone’s claim without 
permission. You have no right to do so. 

4. Don't w’ork on state-owned lands of the State of Washington 
without a lease from the Commissioner of Public Lands, Olympia. 
The lands below high-water mark on navigable rivers such as the 
Snake and Columbia are owned by the State. 

5. Don’t expect as a “greenhorn” to start placer mining and make a 
living from the beginning; you can do better to start with an ex- 
perienced placer miner and learn how and where to mine placer 
gold. 

6. Don’t expect to pick up gold nuggets on the river bars; it is not 
as easy as that. 

7. Don’t get discouraged if you do not find gold in paying quantities 
the first day you start. 

8. Don’t expect to make a good living with only a pan when working 
placer ground carrying less than $5.00 a cubic yard in gold. A good 
panner can hardly pan a cubic yard of gravel a day under the best 
of conditions. 

9. Don’t expect to make a good living with only a rocker when work- 
ing gravel carrying less than $1.00 per cubic yard in gold. 

10. Don't be discouraged if you do not make over 25 or 50 cents p^r 
day as a start. That is much better than being unemployed in the 
city. 
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PLACER MINING DISTRICTS OF WASHINGTON 
AND OREGON 

The placer deposits shown on the accompanying maps are local- 
ities that have been reported to carry placer gold. Some of these de- 
posits may have been worked out and some may have carried only 
colors of gold. Therefore the author does not guarantee that all of 
these deposits carry gold now, nor does he wish to give the impres- 
sion that the list is complete. It is hoped that the maps will help the 
seeker of placer gold to find a place to work. The placer gold found 
in the Columbia, Pend Oreille and Snake rivers is found in sand bars 
The high waters of spring bring down fine gold and deposit it so a 
crop of gold may be taken out every year. 


Placer Districts of Washington 
Asotin County 

1. Asotin (Snake Ri\ er bars) 
Clarkston 
Chelan County 
2 Bridge Creek 

3. Entiat 

4. Lakeside 

5 Leavenworth 

6 Peshastin (Blewitt) 

7. Railroad Creek 

8. Wenatchee 
Clallam County 

9 Shishi Beach (IMatinum and 
gold), 

10. Ozettc Beach (Platiiiujii and 
gold) 

11. Yellow Banks (Platinum and 
gold). 

12. Sunset Creek (Platinum and 
gold). 

Clark County 

13. South Fork Lewis River 

Douglas County 
3. Columbia River bars 

Perry County 


(See map of Washington pp 30-31) 
24 Naneum Creek 
25. Manatash Creek 
26 North Fork Teanaway River 
27. CleElum River 
Lewis County 

28 McCoy Creek 
Lincoln County 

14. Columbia River bars 
Okanogan County 

29 Similkameen River (Plalinuni 
and gold) 

30. Squaw Creek (Methow) 

31. Twisp 

32 Wauconda 

44. Mary Ann Creek 
Pacific County 

33 Fort Canby 
Pend Oreille County 

45. Sullivan Creek 

46. Pend Oreille Riv^er 
Russian Creek 

Skagit County 

34. Skagit River 
Snohomish County 

35. Darrington 
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14. Columbia River 

15. Danville 

16. Republic (Eureka) 

17. Bridge Creek 
Grant County 

18. Trinidad 

Grays Harbor County 

19. Moclips River 

20. Point Brown 

21. Cow Point 
King County 

22. Money Creek 
Kittitas County 

23. Swauk (Liberty) 


36. Granite Falls 
Stevens County 

37. Kettle Falls (Columbia River 
bars) 

38. Meyers Falls (Columbia 
River bars) 

39. Orient 
Whatcom County 

40. Slate Creek (Barron) 

41. Ruby Creek 
Whitman County 

42. Riparia (Snake River) 

Yakima County 

43. Surveyors Creek 


Placer Districts of Oregon (Sec map of Oregon) 
Baker County Grant County 


1 Buck Gulch 
2. Conner Creek 
3 Pocahontas 

4. Rye Valley 

5. Willow Creek 

6. Chisholm Creek (Sisley Creek) 

7. Clark Creek (Burnt River) 

8. Muddy Creek 

9. Sumpter 

10. Greenhorn Mountains 
Coos County 

11. Eden 

12. Myrtle Point (Johnson) 

13. Randolph 

14. China Flat (S. Fork Coquille 
River) 

Curry County 

15 Gold Beach 

16. Chetco 

17. Lower Rouge (Mile Creek) 

18. Rusty Butte 

19. Sixes River 
Douglas County 

20. Crackerjack (Cow Creek) 

21. Dothan 


25 Alamo 

26. Canyon 

27. Crane Creek 

47. Murderers Creek 
Jackson County 

28. Applegate 

29. Ashland 

30. Gold Hill (Foots Creek, 

Galls Creek, Sardine Creek) 

31. Jacksonville 

32. Pleasant Valley (Evans Creek) 
33 Prospect 

Josephine County 

34. Althouse 

35. Applegate 

36. Grecnbank (Upper Grave 
Creek) 

37. Jumpoff Joe 

38. Kerby 

39. Louse Creek (Granite Hill) 

40. Lower Grave Creek 
41 Wolf Hill 

42. Waldo 

Malheur County 

43. Humboldt 
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22. Nugget (Myrtle Creek) 

23. Olalla 

24. Starvout (Green Mountain) 


44. Malheur (Mormon Basin) 
Union County 

45. Camp Carson 

46. Limber Creek 

MINING LAWS 
Character of Mining Laws 

These laws define the status of the prospector for mineral de- 
posits, establish his method of procedure, protect him in possession 
while searching for mines, and give him assurance of title when all 
required conditions have been fulfilled and valuable minerals discovered. 

Importance of an Understanding of Mining Laws 
There is always a prescribed course of procedure to be followed 
in acquiring and perpetuating such title as is granted by the laws, both 
while a property is in exploratory stages and after ores have been 
discovered; and without strict compliance with these statutory provi- 
sions there is danger of losing the mines after they have been proven 
to be of value. 


Mining Law of 1872 

On May 10, 1872, Congress passed a law entitled “An act to pro- 
mote the development of the mining resource of the United States “ 
This, with a few additions and amendments, is the law under which 
mining rights are acquired today, and in accordance with its pro- 
visions the vast majority of mining claims in the territory to which 
it applies have been located. 

Text of the Statute 

Title XXXII, Chaipiter 6. Revised Statute. 2319. Who May Locate: 

“All valuable mineral deposits in lands belonging to the LTnited States, 
both surveyed and iinsurvcyed arc hereby declared to be free and 
open to exploration and purchase, by citizens of the United States 
and those who have declared their intention to become such, under 
regulations prescribed by law.” 

2321. Proof of Citizenship, under this chapter, may consist, in 
the case of an individual, of his own aflfadavit thereof; in the case of 
an association of persons unincorporated, of the afTadavit of their 
authorized agent, made on his knowledge or upon information and 
belief, and in the case of a corporation organized under the laws of 
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the United States, or of any State or Territory thereof, by the filing of 
a certified copy of their charter or certificate of incorporation. 

2329. Lands Open for Staking Placer Claims. Placers and other 
forms of deposit not in place may be entered and patented. Claims 
usually called “placers,” including all forms of deposit, excepting 
veins of quartz, or other rock in place, shall be subject to entry and 
patent, under like circumstances and conditions, as are provided for 
vein and lode claims; but where the lands have been previously sur- 
veyed by the United States, the entry in its exterior limits shall con- 
form to the legal subdivisions of the public lands. 

Indian, Military, and Forest Reservations: No valid locations can 
be made within an Indian reservation. Nor can a valid location be 
made upon a military reservation unless the latter has been abandoned 
and restored to the public domain. The same is true of tracts of land 
reserved for public parks such as the Yellowstone National Park. 

The title to minerals under the sea and navigable rivers is in the 
sovereign In the United States this means the State adjacent to the 
navigable water. 

2330. Subdivision of Claims. Group entries. Maximum extent of 
placers. Legal subdivision of 40-acres may be subdivided into 10-acre 
tracts; and two or more persons, or associations of persons, having 
contiguous claims of any size, although such claims may be less than 
10 acres each, may make joint entry thereof; but no location of a 
placer claim, made after July 9, 1870, shall exceed 160 acres for any 
person or association of persons, which location .shall conform to the 
United States Surveys; and nothing contained in this section shall 
defeat any bona fide pre-emption or homestead claim upon agricultural 
lands, or authorize the sale of the improvements of any bona fide set- 
tler to any purchaser. 

2331. Placer Locations Must Conform to Public Surveys. Where 
placer claims are upon surveyed lands, and conform to legal subdi- 
visions, no further survey or plat shall be required, and all placer 
mining claims located after May 10, 1872, shall conform as nearly as 
practicable with the United States system of public land surveys, and 
no such location shall include more than 20 acres for each individual 
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claimant; but where placer claims cannot be conformed to legal sub- 
divisions, survey and plat shall be made as on unsurveyed lands. 

Placer Claims. Discovery Necessary. As in the case of lode claims, 
a discovery of valuable mineral in place is necessary before location 
of a placer claim. Proceedings to obtain patents for placer claims, in- 
cluding all forms of mineral deposits, excepting veins of quartz or 
rock in place, are similar to those prescribed for obtaining patents 
for vein or lode claims, but where a placer claim shall be upon sur- 
veyed lands, and conform to legal subdivisions no further survey or 
plat will be needed. The price fixed by law for placer claims is $2.50 
per acre or fractional part of an acre. 

Size and Shape 

According to the United States law no location shall exceed more 
than 20 acres for each individual locator. It is the policy of the gov- 
ernment to have entries, whether they be of agricultural or mineral 
lands in compact form. No shoestring claims should ever receive the 
sanction of this department (Department of the Interior). If the land 
be unsurveyed, the location as reasonably as practicable, must be rect- 
angular ill form, with east and west, and north and south boundary 
lines, and otherwise approximating conformity to the public survey 
system wnthin the limits of practicability If the boundaries of other 
claims interfere with making the location conform to legal subdivisions 
and rectangular shape, the locator may conform his boundaries to 
those of the surrounding claims. Where the mineral ground is con- 
fined within a narrow canyon the location need not conform to the 
subdivisions. The Department of the Interior has made a like ruling 
in cases involving “gulch” claims. 

Number of Claims 

The Supreme Court of New Mexico has held that one person may 
locate as many placer claims as he desires. 

Discovery 

An appropriate discovery of mineral is necessary to the lawful 
location of a placer mining claim. 
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Location by an Association 

The United States law permits two or more persons up to the 
number of eight to locate an association claim, 20 acres to each person. 
A person cannot by the use of names of his friends, relatives, or em- 
ployees as dummies, locate for his own benefit a greater area of placer 
ground than is allowed by law. 

Placer Mining Laws of the State of Washington 
Placers 

Section 10. The discoverer of placers or other forms of deposit 
subject to location and appropriation under mining laws applicable to 
placers shall locate his claim in the following manner: 

First, He must immediately post in a conspicuous place at the 
point of discovery thereon a notice or certificate of location thereof, 
containing (a) the name of the claim; (b) the name of the locator or 
locators; (c) the date of the discovery and posting of the notice here- 
inbefore provided for, which shall be considered as the date of the 
location; (d) a description of the claim by reference to legal subdi- 
visions of sections, if the location is made in conformity with the 
public surveys, otherwise a description with reference to some natural 
object or permanent monument as will identify the claim, and where 
such claim is located by legal subdivisions of the public surveys, such 
location shall, notwithstanding that fact, be marked by the locator 
upon the ground the same as the other locations. 

Second. Within thirty (30) days from the date of such discovery, 
he must record such notice or certificate of location in the office of 
the auditor of the county in which such discovery is made, and so 
distinctly mark his location on the ground that its boundaries may 
be readily traced. 

Third. Within sixty (60) days from the date of discovery, the 
discoverer shall perform labor upon such location or claim in develop- 
ing the same to an amount which shall be equivalent in the aggregate 
to at least ten (10) dollars’ worth of such labor for each twenty acres, 
or fractional part thereof contained in such location or claim — "pro- 
vided, however, that nothing in this subdivision shall he held to apply 
on lands located under the laws of the United States as placer claims 
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for the purpose of the development of petroleum and natural gas and 
other natural oil products/* 

Fourth. Such locator shall, upon the performance of such labor, 
file with the auditor of the county an affidavit showing such perform- 
ance, and generally the nature and kind of work so done. 

Evidence 

Section 11. The affidavit provided for in the last section, and the 
aforesaid placer notice or certificate of location, when filed for record 
shall be prima facie evidence of the facts therein recited A copy of 
such certificate, notice or affidavit certified by the county auditor 
shall be admitted in evidence in all actions or proceedings with the 
same effect as the original, and the provisions of section six (6) and 
seven (7) of this act shall apply to placer claims as well as lode 
claims. 


Future Locations 

Section 12. All locations of quartz or placer formations of de- 
posits hereafter made shall conform to the requirements of this act 
in so far as the same are respectively applicable thereto. 

Mining Districts 

Section 13. Any mining district organized in the State of Wash- 
ington in accordance with the laws of the United States, shall have 
])Ower to make rules and regulations for such mining district, provid- 
ing such rules and regulations do not conflict with the laws of the 
State of Washington or of the United States. 

Road Building 

Section 14 Any mining district shall have the power to make 
road building to mining claims within such a district applicable as 
assessment work, or improvement upon such claims: Provided, That 
rules pertaining to such road building shall be made only at a public 
meeting of the miners of such district regularly called by the mining 
recorder of such district: Provided further, That such meeting shall 
be attended by at least twelve property holders of such district, and 
that no such rule can be made without the assent of the majority of 
the property holders of such district, who are present at such meeting. 
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Such meeting to designate where, when and how such road work shall 
be done, and shall designate some one of their number who shall 
superintend such road building or construction, and who shall receipt 
for such labor to the performer thereof, such receipts to be filed with 
the county auditor of the county in which such work is performed 
by the holder or holders of such receipts, and shall be received as 
prima facie evidence of labor performed as annual assessment work 
upon such claims or claims, as may be designated by an affidavit 
or oath of labor as provided for in section six (6) of this act: Pro- 
vided, that nothing in this act can be construed as being manda- 
tory upon any owner or holder of mining property to perform labor 
upon any such road. 

Relating to Monuments and Notices on Mining Claims: 

Sec. 1. Any person who shall wilfully and maliciously deface, re- 
move, injure, or destroy any location stake, side post, corner post, 
landmark or monument, or any other land boundary monument, the 
same having been erected or implanted for the purpose of designating 
the location, boundary or name of any mining claim, lode or vein of 
mineral, or for posting the name of the discoverer, locator or owner 
or date of discovery thereon; or any person who shall so deface, ob- 
literate, remove or destroy any notice having been placed or posted 
upon any mining claim for the purpose of marking or identifying the 
same, shall be deemed guilty of a misdemeanor, and upon conviction 
thereof shall be punished by a fine of not less than one hundred 
dollars ($100) nor more than five hundred dollars ($500), or by im- 
prisonment in the county jail not exceeding one year; provided, how- 
ever, that the provi.sions of this act shall not apply to abandoned 
mining claims. 

Lands Owned by the State of Washington: 

According to the Constitution of the State of Washington: “The 
State of Washington asserts its ownership to the beds and shores of 
all navigable waters in the state up to and including the line of ordi- 
nary high tide in waters where the tide ebbs and flows, and up to and 
including the line of ordinary high water within the banks of all 
navigable rivers and lakes.” 

“The use of the water of this state for irrigation, mining and 
manufacturing purposes, shall be deemed a public use.” 
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The Constitution of the State of Washington does not assert 
ownership to the beds and shores of the nun-navigable lakes or 
streams. 

A letter from the office of the Attorney General of the State of 
Washington states: “We are of the opinion that it can be announced 
as a fixed principle of law in this State that the beds and shores of 
iion-navigable lakes in this state belong to and title thereto is vested 
in the abutting owner whether the same may be meandered or not, 
and that the navigability or non-navigability of a lake or stream is a 
question of fact to be determined upon inquiry and that in determining 

such fact our Supreme Court follows the rule “First, that the 

(|uestion as to whether or not a body of water is navigable or non- 
navigable is a question of fact, and is to be determined by inquiry 
whether it is used, or is susceptible for use, in its natural and ordinary 
condition, as a highway for coinnicrce, over which trade and travel 
are or may be conducted in the customary modes of trade and travel 
on water “ 

Mining Leases: 

The Commissioner of I’ublic Lands of the State of Washington, 
Olympia, Wash , is hereby authoriyed to execute leases and contracts 
for the mining of gold, silver, copper, lead, cinnabar or other valuable 
minerals, except coal, from any land now belonging to the State or 
from any lands to which the State may hereafter acquire title, subject 
to the conditions hereinafter provided. 

Any citizen of the United States finding precious minerals upon 
any land belonging to the State of Washington may apply to the 
Commi.ssioner of Public Lands for a lease of any amount not to ex- 
ceed eighty acres for prospecting purposes, provided that said appli- 
cant has posted up location notice and set corner post and marked 
boundary lines as is required by the mining laws of the State of 
Washington. Provided, any person, persons, or corporations to whom 
a lease or contract has been issued prior to the passing of this act 
may, by applying to the Commissioner of Public Lands, have the 
boundaries of their mineral claims or lots changed to conform to the 
section lines as surveyed by the U. S. surveyors: Provided, the chang- 
ing of boundaries docs not infringe on the rights of any other lease 
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holder or assignee, and shall pay a fee according to the mineral area 
which they may obtain. 

Necessary Timber Privileges: 

The lessee may cut and use the timber found upon said premises 
for fuel and construction of buildings, required in the operation of 
any mine or mines on the premises; also the timber necessary for 
drains, tramways and supports for such mine or mines, and for no 
other purpose. 

EXTRACTS FROM THE MINING LAWS OF OREGON 

Chinamen Not to Hold Real Estate or Work Mining Claims 

Section 8. No Chinaman, not a resident of the State at the 
adoption of this consitution, shall ever hold any real estate or mining 
claim, or work any mining claim therein. 

The legislative assembly shall provide by law in the most effec- 
tual manner for carrying out the above provision. 

Defective Location Notice — How Cured 

If at any time the locator of any mining claim heretofore or 
hereafter located, or his assigns, shall apprehend that the original 
notice of location of said mining claim was defective, erroneous, or 
that the requirements of the law had not been complied with before 
the filing of the said notice, such locator, or his asigns, may post and 
file for record in the manner now provided by law, an amended 
notice of the said location which shall relate back to the date of the 
original location, provided, that the posting and filing of such an 
amended notice of location shall not interfere with the existing rights 
of others at the time of posting such amended notice of location. 

Mining Claims are Real Estate 

Section 3978. All mining claims, whether quartz or placer, shall 
be real estate, and the owner of the possessory right thereto shall 
have a legal estate therein within the meaning of section 326 

Taxation, Claim Exempt From, Prior to Patent 

Section 3980. Prior to the obtaining of patent from the general 
government of the United States to such claim, the same shall be 
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exempt from taxation, except as to improvements, machinery, and 

buildings thereon. 

Conveyances, Subject to Provisions Relating to Other 
Real Property 

Section 3987. All conveyances of mining claims, or of interests 
therein, either quartz or placer, shall be subject to the provisions 
governing transfers and mortgages of other realty as to execution, 
recordation, foreclosure, execution sale, and redemption thereunder, 
but such redemption by the judgment debtor must take place within 
sixty days from date of confirmation, or such right is lost. 

Ditches and Mining Flumes Real Property — ^Abandonment of 

Section 3983. Ditches and mining flumes, permanently affixed 
to the soil, are hereby declared to be real estate: Provided, that 
whenever any person, company, or corporation, being the owner of 
any such ditch, flume, and water right appurtenant thereto, shall cease 
to operate or exercise ownership over said ditch, flume, or water 
right, for a period of five years, and every person, company, or cor- 
poration who shall remove from this State with the intent or purpose 
to change his or its residence, and shall remain absent one year 
without using or exercising ownership over such ditch, flume, or 
water right, shall be deemed to have lost all title, claim and interest 
therein. 

Grub Stakiiig Contracts Must Be in Writing, Requirements of 

Section 3985. All contracts of mining copartnership, commonly 
known as **grub staking," shall be in writing, and filed for record 
with the recorder of conveyances of the county wherein locations 
thereunder arc made Such contracts must contain, first, the names 
of the parties thereto, and second, the duration thereof; otherwise, 
such contracts shall be null and void. 

Mines, Location of, Subject to What Prior Right 

Any location of any mining claim made upon any natural stream, 
or contiguous or near to any placer mine, or upon or below the dump 
of any placer mine, shall be subject to the prior right of all mines 
in operation prior to the making of such location, to discharge debris, 
gravel, earth, and slickens as the same was discharged, or may be 
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discharged, at the time of making such subsequent location of mining 
claim or claims. 

Annual Assessment Work — Notice of to Co* Owners — 
Forfeiture of Interest 

Whenever any quartz or placer mines shall be owned by one or 
more persons, companies, or corporations, or when any person, com- 
pany, or corporation shall own any quartz or placer mines, in common 
with any other person, company, or corporation, any such person, 
company, or corporation owning an interest in said mine or mines, 
whether said interest be legal or equitable, shall have the right to 
perform the annual assessment work required by the laws of the 
United States and of the State of Oregon to be performed upon 
such mine or mines; such work, when so performed, shall, when it 
complies with the laws of the Unilcd States and of the State of 
Oregon, protect such mine or mines from relocation Upon the failure 
of any one of several co-owners or such mine uv mines to contribute 
his prcjportion of the expenditures required in such assessment work, 
or to perform or pay for his or their proportion thereof, the co- 
owner or co-owneis of such mine or mines who have performed or 
caused to be performed the said labor or assessment work, may, 
at the expiration of the year for which such assessment work was 
performed, give such delinquent co-owner or co-owners notice that 
the assessment work for said year has been performed, stating bv 
whom performed, and the amount of work performed, and the dates 
between which the same was performed, together with a statement of 
the amount due from said delinquent co-owner or co-owners for his 
or their proportion of said assessment work, and requiring said delin- 
quent co-owenr or co-owners, within ninety days from the date of the 
service of said notice, to pay to the co-owner or co-owners who per- 
formed or caused to be performed such assessment work, his or their 
proportion thereof. Such notice shall further state that if such delin- 
quent co-owner or co-owhers shall fail or refuse to contribute his or 
their proportion due for the said assessment work, his or their interest 
in said mine or mines will become the property of such co-owner or 
co-owners who have performed or caused to be performed such assess- 
ment work. 
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Mining Claims May Be Located on State Lands 

The manner of locating a mineral claim upon the state land shall 
be in accordance with the law of the state regulating the location of 
mineral claims on government lands; provided, that any citizen or 
citizens who may have found minerals on unsold state lands previous 
to the passage of this act, and posted notices in accordance with the 
laws of the state of Oregon and the United States, shall have prefer- 
ence right to lease the same, and shall have 90 days after the passage 
of this act, in which to make application to the state land board for 
such lease. 
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LIST OF PROSPECTOR’S EQUIPMENT 

The following has been taken from a list prepared by the North- 
west Mining Association, Spokane, Washington. This is not as com- 
plete a list as the one mentioned above. 

When considering this list a prospector will, of course, take into 
consideration his personal requirements, tastes, etc. and particularly 
in the case of the large number of placer miners who are outfitting at 
the present time with a limited supply of money, they will base the 
amount of their purchases according to what they can aflford. 

The food supply contains those items which are in many cases 
light to carry and offer the greatest sustenance value. The amount 
estimated to be required for one person for three months is marked 
by figures after some foods which are more commonly used. 


Mining Tools and Supplies. 

Hand saw 

Shovels 

Files 

Picks 

Hammer 

Food Supply. 

Bacon (12 lbs) 

Flour (50 lbs.) 

Milk (dried) (20 lbs ) 

Sugar (20 lbs.) 

Salt (4 lbs.) 

Dried Food 

I’runes (8 lbs ) 

Potatoes (dcssicated ) (10 lbs. ) 
Onions (10 lbs.) 

Beans (30 lbs) 

Rice (20 lbs) 

Canned Food 
Tomatoes 
Corn 

Other Equipment and Supplies. 

Compass 

Match box (metal) 

Magnet (horse-shoe) 

Location notice blank 

Cooking Utensils. 

Wash pan 

Frying pan (long handle) 

Bake pan 

Pots (with bails) 

Plates 

Personal Effects. 

Clothing 

Matches 


Nails and spikes 
Axes (.single bitted) 
Whetstone 
(jold pans 
(Juicksilver 

Coffee (2 lbs ) 

Blitter (canned or salted) 

(10 lbs ) 

T'.gus (dried) (3 lbs ) 


( )at meal (20 lbs ) 

Corn meal (10 lbs ) 
Baking powder (5 lbs.) 
Baking soda (1 lb.) 


Beans 

Corned beef 

Magnifying glass 
Jack knife 

Paiier and indelible pencil 
I'isbing tackle 

Cups 
Spoons 
Forks 
Knives 
Dish towels 


Soap 

First Aid supplies 
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Engineering Bulletins 

Published by the Engineering Experiment Station 
State College of Washington 

7. Thawing Frozen Water Pipes Electrically. 

By H. J. Dana, October, 1921. 

8. Use of Ropes and Tackle, Illustrated. 

By H. J. Dana and W. A. Pearl, December, 1921. 

9. Well and Spring Protection. 

By M. K. Snyder, July, 1922. 

10. Water Purification for the Country Home. 

By M. K. Snyder, February, 1922. 

11. Farm Water Systems, 

By M. K. Snyder and H. J. Dana, January, 1923, 

12. Commercial and Economic Efficiency of Commercial Pipe Cover- 
ings. By H. J. Dana, January, 1923. 

13. Critical Velocity of Steam with Counter-Flowing Condensate. 
By W. A. Pearl and Eri B. Parker, February, 1923. 

14. The Use of Power Fans for Night Cooling of Common Storage 
Houses. By H. J. Dana, December, 1923. 

15. A New Stationary Type Laboratory Meter. 

By H. V. Carpenter and H. J. Dana, September, 1924. 

16. Relation of Road Surface to Automobile Tire Wear. First Pro- 
gress Report. By H. V. Carpenter and H. J. Dana. January, 1924. 

17. Relation of Road Surface to Automobile Tire Wear. Second Pro- 
gress Report. By H. J. Dana, December, 1925. 

18. Relation of Road Surface to Automobile Tire Wear. Third Pro- 
gress Report. By H. J. Dana, October, 1926. 

19. Rhythmic Corrugations in Highways. 

By H. V. Carpenter and H. J. Dana, February, 1927. 

20. How to Measure and Use Water for Irrigation. 

By O. L. Waller, March, 1927. 

21. Magnetic Nail Picker for Highways. 

By H. J. Dana, August, 1927. 

22. Spray Residue and Its Removal from Apples. 

By F. D. Heald, J. R. Neller and F. L. Oyerley of the Agricul- 
tural Experiment Station in Cooperation with H. J. Dana. 

23. Survey of Fruit Packing Plants. (Out of Print). 

By H. J. Dana, December, 1927. 

24. Survey of Fruit Cold Storage Plants. (Out of Print.) 

By H. J. Dana, March, 1928. 

25. An Extensometer and Compressometer of the Hydro-Static Type. 
By H. H. Langdon, October, 1928. 

26. A Survey of Fruit and Cold Storage Plants in Central Washington. 
By H. J. Dana, December, 1928. 
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27. The Automatic Underfeed Coal Stoker for Domestic Heating. 
By H. J. Dana, April, 1929. Second Edition, October, 1929. 

28. Importance of Preliminary Ore Analysis by Means of the Stereo- 
scopic Binocular Microscope. By Arthur E. Drucker, April, 1929. 

29. Short Wave Transmitter Design. 

By David H. Sloan, September, 1929. 25c postpaid. 

30. The Elasticity of Concrete. 

By Howard H. Langdon, January, 1930. 

31. Rhythmic Corrugations in Highways. Second Progress Report. 
By Homer J. Dana, January, 1930. 

32. The Economical Distribution of Steam in District Heating. 

By A. C. Abell, February, 1920. 

33. Application of Stellite to Agricultural Tools. First Progress Re- 
port. By G. E. Thornton and C. C. Johnson, September, 1929. 

34. A Study of Welded Metals Under Fatigue Tests. 

By G. E. Thornton, April, 1930. 

35. Electro-Hydrometallurgical Process for Copper P'lotation Con- 
centrate. First Progress Report. By Arthur E. Drucker and Carl 
F. Floe, April, 1930. 

36. Rhythmic Corrugations in Highways. Third Progress Report. 

By Homer J. Dana, December, 1930. 

37. A Method of Compiling Approximate Mining Cost Data. 

By Guy E. Ingersoll, October, 1931. 

38. Electro-Hydrometallurgical Process for Copper Flotation Con- 
centrate. Second Progress Report. By Carl F. Floe and Arthur 
E. Drucker. January, 1932. 

39. Fuel Economy in Domestic Automatic Heating. By Homer J. 
Dana and Howard H. Langdon, June, 1932. 

40. Hand Methods of Placer Mining and Placer Mining Districts of 
Washington and Oregon. (Out of Print). 

By Guy E. Ingersoll, June, 1932. 

41. The Relative Lubricating Value of Automotive Oils. 

By How'ard H, Langdon, March, 1933. 

42. Laboratory Methods of Comparing Lubricating Values of Auto- 
motive Oils. 

By H. H. Langdon, March, 1933. 

43. Small Scale Methods of Placer Mining and Placer Mining Districts 
of Washington and Oregon. 

By Guy E. Engersoll, April, 1933 
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One of the Type B houses in Mason City which was specially insulated 
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Preface 


The decision by the Mason-Walsh-Atkinson-Kicr Conii)any, the 
contractors for the construction of the Grand Coulee dam, to use 
electricity for heating as well as for all other appropriate uses in the 
contractor’s camp known as Mason City on the Grand Coulee Dam 
Site on the Columbia River, automatically created the largest house 
heating laboratory m the world* Mason City was built without a 
stove or furnace chimney in any of the 286 residences and more than 
60 bunk houses and dcirmitories Residence heating is lOO'/r electrical 

The scope of the work undertaken in this laboratory includes 
studies of four general subjects related to the household use of 
electricity: 

L Thermal building insulations 

2 Heat storage for using off-peak power 

3 Summer air conditioning 

4 Domestic heating as a system load 

This bulletin is a progress report, and is No 1 of this sent‘s of 
studies. Reports on the remaining subjects will follow as rapidly as 
the work can be completed. 

^ Throui?h the court<*sy of the Mason-Walsh Atkinson Kier (’o.. Th»* State ('o11(*k<* 
of Washington, was accordfd the privilrgo of using this 10()O^ tdortrilied town 
as a fiidd laboratory for studying doinostir hrating with olrctricity, making 
testa on thormal budding insulations, making tests on methods of boat storage, 
studying tho subject of suinriicr and winter air conditioning, etc 

Much ajiprccjation is dui» the Mason 'WalsIeAtkinson-Kicr Oo and to Mr 
Juan Hargrove, Arciiitect, for aid in pn-paring for spf'rially insulating certain 
of the hoiis(‘s for the t<'st> 



Comparative Heat Loss Tests on Insulated and 
Un-Insulated Buildings in the Electrified 
Mason City at Grand Coulee Dam Site' 


By 

Homer J. Dana and R. E. Lyle 
INTRODUCTION 

The amount of heat required to maintain a comfortable living 
temperature in a residence depends upon the outside temperature and 
the degree to which the structure is insulated against heat losses In 
most residences, which are heated with coal or gas, but very little 
thought has been given to insulating against ptevcntable heat losses, 
with the result that needless extravagance in fuel is incurred each 
year Tests have been made which show that the in\ estment required 
to protierly insulate the average residence will be returned in the 
cost of fuel sa\ cd Avithin a iicriod of three years.®' 

Strangely enough, the need for heat insulation is commonly neg- 
lected }n coal and ga'^ heated homes but is readily r(*cognized wdien 
associated w'lth electrical house heating The need for insulation, and 
the economies possible are almost equally important in tiu' one 
case as in the (»ther 

The object of the study embraced by this report is to determine 
the actual average working effectiveness of applying heat-insulating 
material to an un -insulated house The fundamental heat conductivity 
of insulating materials is known or may be easily determined. Further- 
more, it is not a difficult matter to calculate the heat loss which wdll 
take place through certain combinations of materials such as go to 
make up the w’alls, floors, and ceilings of a house. But such calcula- 
tions must necessarily he based upon certain assumed data which can- 

^ Thin work was made possible Through the cooperation and assistance of the Wash- 
ington State Planning Pouncil, the Ooluinbia Basin Poramission. and the 
W E R A 

* U. S Bureau of Industrial Research 

7 



not easily be predetermined. For instance, the loss due to “chimney 
action” in air spaces in the wall, emissivity of the wall surfaces, varia- 
tion in temperature between floor and ceiling of the room, degree of 
infiltration taking place, etc , arc usually approximated and may vary 
considerably under different conditions. 

MASON CITY AS A LABORATORY 

In addition to more than 60 dormitories and bunk houses, Mason 
City is composed of a large number of houses located on a level 
plateau along the east bank of the Columbia River, of types as follows: 

64 Type “A" or one-room houses 
127 Type “B” or three-room houses 
88 Type “C” or five-room houses 
7 Special houses for officials. 

Studies were confined primarily to the Type “B” houses because 
there are so many of them, they arc heated with identical equipment, 
and occupied by average families These houses are pre -fabricated 
frame construction, built at Spokane, Washington, and trucked in sec- 
tions 100 miles to the site where they were erected. 

The Type “B” houses, on which these insulation tests were made, 
are approximately 20x28 feet in size, are set on concrete piers, and 
boxed clear to the ground, after which they were banked with earth, 
thus sealing the space under the floors against cold winds The side 
walls are of sheathing, tar paper, and matched siding The 

roof is of >4" ship lap covered with red roofing felt On the in- 
side, all walls and ceiling are finished with 5^^" INSOBOARD which 
is a wheat straw product This material, which comes in large sheets, 
is nailed tc:> the 2 by 4 studding and ceiling joists, and the joints are 
covered with thin wooden strips or battens The floors are of double 
thickness with tar paper between. There are no basements and all 
residences are single story. There is a small space between the ceil- 
ing and the roof, with vent louvres in each gable. 

Three-wire electrical service to each house provides 120 volts for 
lights and refrigeration, 120-240 for the electric range, and 240 for the 
electric air heaters, and for the water heater. The water heater, of 
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the clamp-on type, is thermostatically controlled. Air heating is ac- 
complished with portable heater units located in each room. Provision 
was made for capacities as follows: 

Iviving room S KW 

Kitchen 3 KW 

Bedroom 4 KW 

Bath 11/2 KW 

With such a large number of houses available which were identical 
in size, construction, and type of heating, an excellent opportunity 
was afforded to study the actual effectiveness of applying additional 
heat insulation. Therefore, extensive tests were undertaken in order to 
obtain data on the comparative heat losses in un-insulated houses and 
in specially insulated houses. The type “B” house was chosen for these 
tests. It has living room, kitchen, bedroom, bathroom, and large 
closet At the rear is an enclosed porch for laundry, etc. 

Two of these dwellings were chosen as check houses, representing 
a very common type of construction without special heat insulation 
Other houses of the same size and type, and located in the same group 
were equipped with special insulation intended to reduce the heat 
losses through the walls and ceiling of the building 

HEAT INSULATIONS 

There were six different kinds of building insulation employed in 
the tests ^ No attempt was made to evaluate any one insulation as 
against another, but rather to determine the actual heat insulating 
value of each when applied to an un-insulated house. The economic 
value of each as applied depends upon costs which may be obtained 
from supply houses The general description of these materials follows: 


* Sp<*cial mention should be made of, and appreciation expressed to the companies 
which participated by snpplymjr insulating materials f.r these tests The 
Reynolds Metals Co , through their representatives, The Building Supplies Co. 
of Spokane, furnished “Metallation’ ' insulation for two houses The North- 
west Magnesite Co , through Spokane Paper & Stationery Co. of Spokane, 
furnished “Therinax” insulation for two houses. C A Grennel & Son, of 918 
8. Walnut St., Spokane, Washington, furnished enough “Diatomite” for two 
houses. James Keeth, E. 1827 Sprague Ave , Spokane, furnished enough 
“Zonolite” insulation for two houses Kagle-Picher Sales Co. of Kansas City, 
Mo., supplied loose mineral wool for one house. The MWAK Co. furnish«^d 
"Unifir ’ to treat two houses. 



A “Thermax” consists of wood shavings impregnated with a solu- 
tion of magnesite, slightly compacted and baked into a rigid slab. This 
slab is nailed to the studding and joists of a house and, in addition to 
its properties as a heat insulator, it serves, instead of lath, as a base 
for the usual plaster finish of a room The inner surface of all exterior 
walls and ceilings of the two test houses were treated with 1" of 
Thermax which was also plastered No TNSOHOARD was used in 
these houses The resulting wall was composed of siding, tar 

paper, ^4" sheathing, SVi'' air space, 1" Thermax. and ^4" plaster 

11 “Mctallation” consists of a heavy craft paper approximately 
01" thick and coated on each side wnth bright aluminum foil approxi- 
mately 0015" thick, and cemented on This material in sheet form, 
24 to 30 inches wide, was nailed direct to the edge of the ceiling joists 
and the exterior wall studding in the room Threc-ciuarter inch firring 
strips were next applied and to these wsis nailed the standard 
INSOHOARH finish of the houses The section of the insulated wall, 
therefore, included outside pine siding, tar paper, sheathing, TiVj" air 
space, rnetallation, air space, and ^ INvS( )!’»(') ART) 

C “Mineral wool,” made in this case from lead slag, consists of 
finely sinin threads loosely packed into the air spaces of the outside 
walls and ceiling Its insulating value rests largely in its ability to sub 
divide the air space and prevent the circulation of th(‘ entrapped air 
The resulting wall consists of siding, tar paper, sheathing, 3}{>" mineral 
wool, and INisniU)ARl) The ceiling was covered with 3" mineral 
w^ool This building had a cement basement, ceiling of w'hich ct)nsisted 
of TNSOROARD 

I) “Zonolite” consists of a non-metallic C)re possessing bright 
flakelike characteristics similar to sheet mica When subjected to 
certain heat treating processes, the ore is greatly expanded in volume, 
resulting in a large volume* of entrapped air finely subdivided The 
usual air spaces in outside walls were filled wdth this material, result 
ing in a section composed of siding, tar paper, sheathing, 3j/j" zonolite, 
and Yd" IN SO HOARD Ceilings were covered with 3" of /onolite. 

R. “Unifil” consists of a non-metallic ore which when processed, 
results in a bright, light w^eight, flaky substance resembling mica, or 
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muscovite. When expanded in the heating process, these flakes partly 
separate, thus entrapping air in finely subdivided layers. This material 
was applied to fill the air spaces in outside walls and ceiling of one of 
the standard test houses, and to fill the ceiling only of another test 
house. Thickness on ceilings was 3 ". 

F. “Diatoniitc,’' as prepared for use as a building insulation, comes 
in finely powdered form. It consists of tmy lime skeletons of pre- 
historic water life, which are porous and entrap air in exceedingly 
small subdivisions This material was applied to the ceiling only of 
two of the standaid test houses Thickness was 2" and 3" respectively 

METHODS OF TEST 

A standard routine was followed in making all of the radiation 
tests Several hours before the tests were begun the electric heaters 
were adjusted to maintain the temperature in the house uniform 
throughout Thermometers were located in each of the rooms at a 
point approximately 5 feet from the floor and were always located at 
the same relative points in all of the houses tested Adjustable heater 
units of the Wesix portable dynamic type were distributed throughout 
the house in such a way as t(» aid in the establishment of a uniform 
temperature A special auto-transformcr with taps was provided to 
control the voltage to (jne of the heaters to afford fine adjustment of 
input Electric fans were provided at certain points in the different 
rooms to assure temperature uniformity Windows and doors were 
closed, window shades raised, and water heater disconnected The 
only furniture piesent, in most of the tests, consisted of a dining table 
and four chairs 

The houses were heated from 2 to 8 hours, prior to recording 
data, using only enough of the installed heater capacity to hold the 
room temperature at or near 70 degrees Two houses were usually 
tested at one time, using two ctunplete sets of equipment. The same 
equipment was used on the same house on succeeding tests Account 
was taken of the number and voltage of the lights burned in the house 
during the tests, and allowance was made for the heat given off by the 
man making the tests. Most of the closed tests were made at night 
because more uniform outside temperatures existed at that time. 
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By means of a graphic recording wattmeter connected into the 
electrical service to the building under test, record was made of the 
watts input to maintain a stable inside temperature. A special con- 
necting device with cables to the instruments was used to permit locat- 
ing the meters inside the house, and still have them connected into 
the service cabinet outside A special device admitted the necessary 
wires through the window without permitting air leakage into the 
room. 

A recording thermometer with a temperature bulb exposed to the 
outside air some ten feet above the ground on the north side of the 
laboratory building gave a continuous record of the outside air tem- 
peratures during the test. A U.S. Weather Bureau anemometer gave a 
continuous record of wind velocity. Careful note was made of the wind 
direction. 

Careful note was made that all windows and doors were properly 
closed and that there was no opportunity for excessive infiltration of 
air through cracks or crevices, or ill-fitting sash. Note was made each 
time an outside door was opened and care was taken to reduce the 
number of openings to a minimum. 

When a stable condition had been established inside the building 
and a stable condition of wind and temperature existed outside, then 
the number of watts input represents the heat loss through the walls, 
floor, and ceiling of the building. 

During each test the following data were taken: Outside tempera- 
ture, wind velocity and direction, -temperature in each room, electrical 
input, line voltage, number times door was opened, number lights 
burning, electrical connections, and observations as to weather. 

The technique of making these tests was standardized to avoid 
variation in data on this account. Notes were made frequently on the 
wattmeter record during the test, citing any pertinent information. 
The curve on the record was corrected by means of a calibration 
curve and zero correction. Where frequent voltage fluctuation took 
place during a test, an integrated average was determined for the watts 
input during the test. 

In those tests made on houses which were occupied by tenants, 
calculation was made of the heat supplied by the hot water tank, and 
from other sources, such as the reserve heat in an oven, etc. 
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Attempt was made to maintain all rooms in the house at the same 
temperature during the test. On this basis the direction of the wind 
should have scarcely any effect upon the heat loss through walls of 
the house. The difference in window exposure on different sides of 
the house, however, would cause the heat loss through the glass to 
depend somewhat upon wind direction. Inasmuch as there was not 
a wide difference in wind velocities in different tests, no attempt has 
been made to correct the data for this factor. The curve of radiation 
loss as drawn, tends to equalize the differences due to differences in 
wind velocity. 


DISCUSSION OF TEST DATA 

These tests were made possible through the cooperation of the 
firms which furnished the insulating materials. Some of the materials 
are recognized as not being such good heat insulators as others and 
results of the tests show some such differences On the other hand, 
there may be compensating features such as case of installation, lower 
first cost, etc., which in the end, tend to equalize the economic value 
of the various materials submitted. After all, the object of these tests 
was to draw attention to the preventable heat loss from buildings and 
to show the saving that can be effected by the addition of insulating 
materials to the walls and ceiling of a residence. 

As a matter of fairness to all contributing firms in this series of 
tests, the insulations are listed in the data as 1, 2, 3, 4, etc 

The curve in Figure 1 shows the heat loss from the Standard Type 
F House as constructed in Mason City. This type building has double 
thickness floor with paper between; walls are siding, paper, sheathing, 
3 ^ 2 " air space and INSOBOARD, and ceiling of INSO- 
BOARD nailed to 2x4 ceiling joists. The roof is sheathing with 
roofing felt finish. The attic space was not ventilated during these 
tests. 

It is difficult in making a radiation test on any building to find a 
time when weather conditions are absolutely stable. Furthermore, 
identical conditions of wind direction and velocity, and air humidity 
do not always exist during succeeding tests. If certain conditions of 
weather could be duplicated in succeeding tests, then the data would 
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lie close to an average curve. Lacking these ideal conditions the next 
best alternative is to make tests under as nearly uniform conditions 
as possible. Although this was done, the data obtained is somewhat 
scattering, but the average, as represented by the curve, is thought 
to be reasonably accurate. 

In the following figures, comparison is made between the heat 
loss through the walls and ceiling of a standard house as compared 
to the heat loss through other houses of the same size and type, the 
walls and ceiling of which were specially treated with different types 
of insulation. The curves represent an average of the data obtained. 

As an illustration of the value of insulation, take the case shown 
in Figure 4. The heat loss from the insulated building at a 60 degree 
difference of temperature between inside and outside is 5,950 watts. 
The heat loss from the uninsulated building is 9,100 watts, or a differ- 
ence of 3,150 watts. If the insulated house were operated for two 
weeks during which time the outside temperature remained 10 above 
zero and the inside temperature was maintained at 70 for fourteen 
hours per day, the saving of heat would amount to 617.4 kilowatt 
hours. 

Taking a coal furnace as being 50% efficient, which by the way, 
IS probably better than the average, and based on coal at 14,000 BTU 
per pound as fired, the use of the No. 3 insulation would save 300 
pounds of coal during the above two weeks operation. 

By taking the average outside temperature of different periods of 
the year during which heat is needed in a residence, it w^ould be pos- 
sible to calculate the yearly saving due to the added insulation, and 
from this figure could be derived the net saving from a given invest- 
ment in heat insulation. This does not take into account any other 
factors, such as comfort or healthful living conditions, which might 
increase the returns from applying heat insulation. For instance, the 
annual average mean temperature in the Inland Empire region for 
the heating season is approximately 35 degrees Fahrenheit. Assume 
200 heating days at this average temperature maintained for 14 hours 
per day. Then the saving in coal on the above basis, would be 2050 
pounds for a house of the size used for these tests. When heated 
electrically, and on the same basis, the saving due to the No. 3 insula- 
tion would amount to 4,200 KW hours. 
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The Feasibility of Using A Heat Storage Device 
For Domestic Heating with Electricity’ 

By 

Homer J. Dana and R. E. Lyle 
INTRODUCTION 

At the rates i)Te\ ailing in most localities, electricity for air heat- 
ing has not heen able to conipete with coal or oil \\ hen arguments 
aie ad\anced for low or rat('> for healing based on larger units of 
consumption, the objection is made that lower rates arc not justified 
becausi. the peak of the heating lo.id would be snt>enmjiose(l ujion a 
badly jxaked load, and theiefon. might in s(>nH cases, gi\e rise 
to an ( \ Ml w'<»rse load facte>r than exists at present If domestic 
heating c(>uld take jMiwer during the nff-peak pMiod, or if it could 
he contrioled sn that a high b»ad factor could be maintained on the 
system, then some of the principal objections t.» domestic heating 
with elect ncity would ha\e heen met and a lower rate could es- 
tal)li.shcd for this type of load 

Studies ha\e been made by ditTcrent in\ esligati>rs relative to 
the feasibility of stirring heat from electricity in m'der to make usc 
of off-peak power or to permit of a controlled load factor. 

Water suggests it.scif as being one of the ideal storage media 
and considerable data ha\e been obtained on tins lyiie of heat storage 
A well-insulated water tank with propel heating elements will store 
heat in a form wdneh can be contndlid and readily distributed 
Attached to a hot water radiatoi system ami controlled by a ther- 
mostatic ^alve or by a circulating i>ump, thermostatically c^^crated, 
heat can he delixered as leijinied. The disadxantage of this system 

‘ Tht'sr tests wore made possible through the interest and assistance of the Wash- 
ington State Planning (’ounnl. the Columbia Basin C'ommision, and the W E. 
H A 

(iratc‘ful ajipreeiat ion is expressed lo Mr B H Kizer, Chairman of the 
Washington State Planning Council for helpful criticism in the preparation 
of this report 
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arises from the fact that water cannot be healed above boiling 
point unless a pressure vessel is provided and equipped with proper 
safety clexices vSuch necessary precautionary measures increase the 
cost of this type of storage and partly offset some of the adxaiitages 
of using water. 

Cast iron has been suggested as a storage medium and will serve 
admirably for the purpose Its principal disadvantage is a relatively 
high first cost Kxiierinients have also been made using pea gravel 
in a metal container as a storage medium The details of ccnistruc- 
tion of this device, which was built and tried in (lermany, did nut 
afford the desired control, with the result that the room became 
overheated at times. 

An(»ther type of heat storage consists of an insulated oven filled 
with brick or with ruck In a locality xvherc rock is axailable such 
an oven can be constructfd at moderate cost The adxantage of using 
brick or rock lies in the fact that either one can be heated to a rel- 
atively high temperature, say 500 to 600 degrees I'ahienheit, and 
therefore, the space reqniroments for the storage unit need not exceed 
the space occupied by the <»rdinary domestic furnace 


HEATING LAiBORATORY AT MASON CITY, 

GRAND COULEE DAM SITE 

When the decision was made to elecliify Mason City, (the con-^ 
tractor’s camp at the Grand Couke Dam Site in tlie vState of Wash- 
ington) opportunity was given to the State Collect* of Washington to 
use it as a field laboratory and tf) cany on an extensive scries of 
studies relating to the use of elcctricitv for domestic heating.* This 
laboratory, the largest of its kind in the world, consists ('»f 286 resi- 
dences ami 01 hunk houses and dt>rmilories, all heated 100 per cent 
electrically “ 

* A<'krio\vle(JKPnH"nl js madr of tht» splendid ooeperation afforded by the Mason' 

Walsh- Atkinsonn-Kier Company, rontrarlors for the construction of the Grand 
Coulee Dam across the CoUinibiu river, and o^^ners of the model town called 
Mason (^ity 

Mr Juan ITarjjrove, architect of the 100 jier cent electrified Mason City, 
also renden d valuable assistance in the design and building of the laboratory 
house, in which these tests were conducted 

* See EnKineerinp Experiment Station Bulletin No 45: “Study of Thermal Build- 

in/; Insulation at Grand Coulee Dam”, by Homer J Dana and R. E Lyle, 1935. 
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SCOPE OF WORK UNDERTAKEN 


The scope of work underlaken in this laboratory includes studies 
of four Kcneral subjects related to the domestic use of electricity: 

1 Thermal insulation for buildings 

2 Heat storage for usin^ ofY-peak power. 

3 Summer air conditioning. 

4. Domestic heating as a system I(*ad 

This report is No 2 of this scries of studies and is a progress repc>rt 
(ti that part of the study ev>nij)Iet(‘el at Mason City during the winter 
and spring of 
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One of the Type “B” houses in Mason City was set up as a spe- 
cial laboratory for making tests of the feasibility of heat storage. A 
full basement, 20 by 28 was constructed under this house with walls 
and floor of concrete. A system of ducts and registers was laid out 
similar to that which would be employed in a hot air furnace install- 
ation in a residence of this type, and was connected to the heat stor- 
age device built in the basement (See Figure 1). Ftirced air circu- 
lation was employed, the fan being thermostatically controlled from 
the living room.* 


HEAT STORAGE OVEN 

The plan followed in section 2 of this investigation has been to 
study the feasibility of a storage device which would be simple and 
cheap to construct from materials easily obtainable in any localitv, 
and which would also be Niinjilc to operate The first jiropusal was 
to build an insulated oven and fill it with brick checker work. How- 
ever, this plan was alKindoned in favor of using granite ]>oulders, 
which were available within 50 feet of the basement in which the 
storage oven was built Basalt was considered, but the nearest supplv 
was several miles away All three ha\e apiiroxiinately the same value 
of specific heat, therefore, no preference was felt on this point 

THERMAL INSULATION FOR THE STORAGE OVEN 

The object of a heat storage oven is to make use of electricity 
during one part of the day to furnish heat for a residence during 
some otlu r part of the same day or of a succee<ling day When eh'c- 
tricity is used for direct heating, that is, the heat is used at the same 
time the electricity is being used to produce the heat, the transfer is 
100 per cent efficient In other words, all of the electricity is made 
available in the form of heat Likewise, all of the electricity used t<i 

* Special mention in made of the very fine SRsistance rendered by the Wesix 
Heater C’o of Hos Antfcles, California They have furnished convection heaters, 
heating elements, thermostats, relays, time switch, and other material which 
were used in connection with tests on the storaKe oven. 

Brandt Bros., of Spokane. Wnshinjfton very kindly loaned a Buffalo fan 
for the air conditioning system 

James Smyth Plumbing (Tompany of S])okane rendered valuable assistance 
in the design and construction of the duct system in the laboratory house, 
and in furnishing materials for same 

The U. S. Weather Bureau at Spokane very kindly loaned the use of an 
anemometer for determining wind velocities 


6 



charge the storage oven is converted into heat. However, some of 
this heat is radiated through the walls of the storage oven and es- 
capes into the surrounding air without ser\ing the purpose directly 
for which it was stored Obviously then, the object would be to con- 
struct the storage in a fashion designed to reduce this heat loss to 
a minimum. 

In a device employing tein])eratures ui) to 500 or 600 degrees 
Fahrenheit, it is apparent that an inorganic insulating material must be 
employed There arc materials available for this ty])e of service, 
among them being diatoniaccous powder, asbestos, mineral wool, and 
rock wool The heat conductivity for mineral wool ranges between 
261 and v300 IJTU’^ “ Since a supply of mineral wool was available, 
this was the t>pe of insulation chosen for the experimental oven, 
and was packed lightl> into the space between the inner and outer 
walls 

I I CROSS SKCTXOV OF UPERDIENTAL STORAGE OVZH SHOWING DETAILS OF CONSTRUCTION 



‘(Conductivity in BTU's jht inch of thicknrss per square foot of surface per de- 
Kreo temperature difference per hour 


The oven as constructed, (Sec Figure 2) consists of a 4-mcl' 
interior wall of brick laid up with mortar." Outside of this wall and 
separated 3 inches from it is a 4-mch hollow tile wall with the space 
between the tile and brick wall filled with heat-insulating material 
On the floor of the oven was placed some two inches of diatomaceous 
earth in order to reduce the loss of heat into the concrete ba ^ement 
floor and from thence into the soil beneath. 7'he diatomaceous earth 
in powder form w'as mixed with a small amount of Portland cement 
and water in order to make it solidify into a cake, and thereby pre- 
vent Its being drawm up into the air duct s\stem by the air dra'ts 
through the storage 'I'he space inside the oven was then filled with 
boulders ranging from 3 pounds to 60 pounds m weight, 

DETERMINING THE SIZE OF THE STORAGE OVEN 

The principal fiurpose of the Inat storage oven is to reduce the 
peak demand on the electrical sv‘'tem 7'hc desired capacity dei)ends 
upon the heal rccjuirements of the house to be served, and upon the 
proportion of this load which the oven is called upon to carry For 
an uninsulated house, the heat requirements greatly exceed those 
of a house* which is well insulated 

'Fable 1 shows the measured heat loss through, the walls, ceiling, 
and floor e>f the type H house in Mason City when the walls and 
ceiling are un-insulated, as ctiiiipared with the heat loss from the 
same building with the walls and ceiling insulated by filling the air 
space with 3'/.^" of miiural wool.' 'I'he actual ratio of hi‘at loss in 


Table 1. Heat Loss Through Typical Wall of Residence Double 
Board Siding, 3^" Studding, Lath and Plaster 


Insiilafiori t)e*l\vf'(*n 
studding 

Air 

Mineral w'ool 


^^‘tnpcrntiir.' • 

lM*f \V(M*n 

inside* and oii1.sid» 

5(1 dcK 
50 clcK 


BTU’S heat Jo!5s 
pe*r sq ft of 
surfaci* ]»(*r day 

308 

192 


Tlip dPMgn of the* storage* ovon as roTihtnicte‘tl was infhn*ne*cd partly by iiriatUMal 
limitatioTiK and jmrtly by lack of i*xppripiicp in the pe^rforinance* to bo oxpoe'tt'd. 
it IK ho])Pd that revisions in design <’an be made and further data obtained 
under improved conditions during the •wMnter of J935-‘dfi 

* See State (/oll(»Ke of W'ashington KiiKineerinn Experiment Station Bulletin No 45 
by Homer ,J Dana and H K Dyl'', 19:15. 
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this cast- is 16 Oh\i(>iisl\ it is wise to make a substantial investment 
to insulate the walls and ceiling. 

The laboratory house in which the experimental storage ove i 
was built, was insulated on walls and ceiling with 3^ inches of mineral 
wool. It was estimated that the maximum daily heat required would 
not exceed one million llTU’s f(»r the coldest exjiected weather 
Therefore, the storage (»\en was designed for a useful capacity of 
one million BTU’s at 600° 1*' with an addituuial 690,000 P*TU's avail- 
able by raising the temperature to 900° This would make it possible 
to carry the entire daytime heating load on the storage oven On a 
Iiractical liasis, it might be desirable to carry only 4 to 6 hiiur^- of the 
load on the storage oven In that case, the si/e could be maleiially 
reduced. 


CALCULATED HEAT STORAGE CAPACITY OF OVEN 
It may lie assumed that all material inside the insulation jacket 
(.an be coii.sidered as the heat storage medium The mmmmm alTec- 
li\e temperature ot operation was set at 170 degrees, and the max- 
imum for this calculation at 600 degices hahienheit Table 11 shows 
the quantities used in the oven and the data for calciilatmL; the heal 
storage cajjacity 


Table 2 


weight 
7151 Ihs 
4314 lbs 

46 J lbs 


MnOM’ial 


roi Iv 
bru k 
t lay 


.spec Heat 

20 BTl’ 
22 I’.Tl' 
ly l!TL' 


Temp rise 
17U to 6U0 

430 deg 
430 deg 
430 deg 


BTT Stored 

01 h '^86 
408,104 
40,196 


n.057 lbs 


Total ....1,063,286 BTT 


1,063,286 BTU's represents an ec(in\'alcnt electrical energy oi 
312 kilowatt hours'* Huimg the charging of this oven, ard running 
over it.s storage peritid and draw' dowm period, there would be certain 
radiation losses. If vve assume these to be, say, 7 per cent of the out- 

^ One kilowatt hour will produce 3415 BTt^ (British Thermal Tnits) One BTP 
is the heat required to raise the temperature of one pound of water one de- 
gree Fahrenheit It i.s also the equivalent of 778 foot pounds of w'ork 
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put of the o\ cn, then the total input would need to be 335 kilowatt 
hours. If we assume a charging period of ten hours, the ini)ut would 
be 33l^ kilowatts, if 15 hours, then the input wo*uld be IZYs kilowatts. 
The percentage loss by radiation in each case would depend upon the 
storage temperature and the schedule of the charging and discharging 
cycle. 


OVEN HEATER CONTROL 

Provision is made for inserting the electric heater elements 
through a duct underneath this mass of rock so that when the elec- 
tricity is turned on, the natural air circulation will carry away the heat 
and communicate it to the rocks in the oven. This heating up may be 
done at any desired time of the 24 hour day and ordinarily would be 
accomplished during the period when electricity is least needed for 
other purposes. By means of a switch controlled by a clock, carrier 
current, or other equivalent mean.s, the heat may be turned on, say 
about 9:00 at night. A thermostat in the o\en .serves to turn off the 
heating elements when the teinpeiature has risen to any predetermined 
value. The time switch is set to turn off the storage oven at 7:00 A.M , 
if the thermostat has not already turned it off due to the desired tem- 
perature having been reached earlier in the night. It is entirely 
feasible to heat this type of storage to 800 or 900 degrees or more 
Only 11^ k.w. of heater capacity was installed for the first tests, 
but provision is made for increasing this capacity for further tests 
next wdnter if found desirable 

AIR DUCT SYSTEM 

The duct system to the rooms is attached to this oven so that 
part of the cold air coming from the rooms enters near the bottom at 
one end. The hot air duct is attached to the top at the opposite end 
(See Figure 2). When the oven is fully charged, the temperature 
of the air inside would be 500 to 600 degress Fahrenheit. Such a 
high temperature is obviously undesirable in the ducts or in the room 
above. Therefore, provision is made for a by-pass duct around the 
oven through which most of the air from the rooms is circulated 
by the fan. Only enough air is drawn through the heat storage to 
bring the temperature of the air in the ducts to approximately 150 
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degreCvS. This is accomplished hy means of an automatic thermo- 
statically controlled damper adjusted to admit only the proper amount 
of hot air from the oven, mixed with the air in the by-pass to yield 
the desired temperature. The heating system in the oven is entirely 
independent of the air circulating system of the house. Furthermore, 
it would be entirely possible to turn on the heaters and draw heat 
through the storage oven into the house without first storing it, as 
would be done ordinarily. This would permit the house to be warmed, 
even though the storage o\en w^ere not charged 

HUMIDIFIER 

Under certain heating conditiims it is frequently found desirable co 
introduce moisture into the air circulated into a living room There are 
various methods of accomplishing this. Use may be made of evapor- 
ation from pans of vsater or hy some method emi)loying spray ikjz/Ics. 
The method used in connection with these tests emiiloyed a humidi- 
fier (d th(* iiKUor dri\en centrifugal type The unit was entirely self- 
contained and introduced moisture into the air in a \ery finely at(.)- 
mized state A h\grostat located in the living room and connected to 
the humidifier motor wall maintain th(* room humi(Iit> at any desired 
value 

It may he explained that the addition of humulily i" no more nei- 
< ssary m this t\pi lU heating than in an\ ordinar\ hot an type of fur- 
nace -heated home Moreo\er, this type of humidifying apparatus ina> 
just as easiU he applied in a lu>me heated h\ a coal or oil furnace of the 
hot air tvpi 


TESTS ON STORAGE OVEN 

A 5 kilowatt heater was .set up temporarily to blow w'arm air 
through the storage for several days after it was built in order to dry 
it out. Then the kilowratt heater elements were installed and 

turned on After several days further drying out, tests were made to 
determine the rate of heating up, and amount of loss by radiation 
Figure 3 shows the curves for this test. Temperatures were obtained 
by the use of copper-constantin thermo-couples, which were cali- 
brated up to 600 degrees against a mercury thermometer After the 
oven had been heated up to working temperature, the input to the 


11 



healers was adjusted to maintain this temperature uniformly. If the 
heaters are adjusted so that a stable temperature is maintained in the 
storage oven, then the input to the heater elements represents the heat 



loss by conduetjon and radiation In the case of the expennienlal 
storage oven, it was found that the heat loss at 555 degrees was 2 65 
kilowatts. Not all of this heal, however, can be charged as loss be- 
cause if a basement is reasonably tight, any heat liberated into such a 
basement serves to warm the liasement ceiling and therefore, makes 
for a warm living room floor This adds to the comfort and reduces 
the amount of heat required in the room above. 

These performance curves, as w'ell as the calculations, reveal that 
the heating elements used arc too small to fully charge the oven in 
ten hours. Also, the “holding” curve and the “cooling” curve reveal 
that if heat is to be stored more than one day before being used, more 
insulation should be built into the oven. 
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PRACTICAL EFFECTIVENESS OF USE OF 
STORAGE OVEN 


In Figure 4 is shown a 24- hour load curve for an Kastern Wash- 
ington municipality in which some of the cooking is done by electri- 
city, but no electrical heating is used ( )n this curve is superimposed 
an assumed heating load showing a new peak, approximately 85 per 
cent abo\ e the present peak load Uy clock control of a large number 
of heat storage ovens in a given district, the system load could be 
built up to an approximation of that shown in which tin revenue pro- 
ducing bkad has been increased '^ome 178 per cent without increasing 
the demand on the system im>re than 20 per cent above the iieak 
Obviously, the expense of this type c»f control is borne by the cus 
tumt r. and is not prohibitive for the usual installation. 



4 'r>]>i<-al daily load cur\f for an Eastern Washington Municipality with 

an iis'^unu'd heating load added to illustrate the advantage of heat storage 


COST OF DOMESTIC HEATING 

Annual cost for healing an average si\ rotim re^'idence will de- 
pend upon the w'eathcr, the requirements of the family occiipvmg 
the residence, and the habits of the individual controlling the furnace 
How'ever, for purposes of comparison it may be assumed tliat a stoker- 
tired furnace w'ouhl use between 7 and 10 tons of t oal per annum 
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Furthermore, assume that this coal costs $8.50 per ton delivered, 
and that it has a heat value of 13,000 BTU’s per pound. 

Experience shows that such a furnace^ on the average, will deliver 
to the rooms as useful heat, only 50 per cent of the heat in the coal.* 
On this basis, eight tons, costing $68 00, would furnish 104 million 
BTU’s of useful heat during the heating season T(^ furnish the equiva- 
lent of this heat electrically would re(iuire 30,500 kilowatt hours. 
If the net cost for this amount (*f electricity w’erc tf) equal the net 
cost of the coal, then the rate for electricity for heating would need 
to be $0 00223 per kilowatt hour 



View of the heat storage oven showing the cold air tlnet to the inlet Also note 
the by pass duct passing over the oven. Electrical connectioii'i; to the heaters 
are shown entering the cold air inlet. 
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Tests on a typical home equipped first with a coal stf)ker, and 
later with an oil furnace showed that the cost for heating with oil 
was 88 per cent higher than if it had been heated with a coal stoker* 
Experience ‘'eein> to shf'W that in many cases this ratio is much higher 
On an equal basis Avith oil, the rate for electricity as illustrated above, 
wtuild ru ( d to be $0 0041^^ t>er kilowatt hour. 

However, there are other factors which enter into the compara- 
tive value of electric heat which might justify a somewhat higher 
rate per kilowatt hour than is cited above in competition with oil. 
For instance, no coal bin or oil tank is required, and no soot is dis- 
charged from the chimney to re-enter the house through doors and 
window^ This fact alone w<»uld conceivably require less freciuenl 
cleaning and redecorating throughout the house Th(‘se items are 
diflficult to evaluate, but it is re.isonable to assume that, in the eyes 
of a consuleiable number of users, the advantage of healing with 
electricity would justify an increase of perhaps SO per cent over the 
calculated rate of $0.00410 cited above, or a rate of $0 00628 

In the light of the above analysis, it is interesting to note that 
the W W P Co. offers a rate of $0,008 for domestic w.iter heating 
and that under the terms of maiiA old accounts, a rate pre\ails f<>i 
water luatinc low as ^OOO^Ss. 


ADVANTAGES OF ELECTRIC HEATING WITH STORAGE 

To the poAver prodm or, the use of controlled heat storage rc- 
jiresents an opportunity. 

1 J'or increased rexenue AMthout a proportionate increase in 
capacity of equipment cither at the geneialiiig station or in 
the disti ihuting .system 

2 lor an impio\ed load factor during the heating season and so 
a reduced relatu e ])eak demand on the system 

2 loxr brief mtei rnptions to service AMthout attendant criticism 
from the consumer 

•See Kngin«*enng Kxp«*niut’ni Station Bullotin No 31). ' Fuel Economy in l>o- 

nusstic Hcatinp * 1932 by Ilomcr J l>ana and Howard H. Langdon 
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To the power consumer, the use of electrical heat storage re- 
sults in advantages as follows: 

1. Opens the way for a reduced rate for heating energy. 

2. Removes the need of space in the basement for a coal bin 

3. Removes the necessity for handling coal or ashes. 

4. Possesses no tendency to cause dirt or dust to accumulate 
in the house. 

5 Greatly reduces concern as to power service interruptions 

6 Permits increased rate of heating such as might be desired 
for warming up the house in the early morning. 

CONCLUSIONS 

Although the arrival of warm weather prevented more than lust 
a start on actual working tCNts on this storage, still enough data were 
secured to establish the w'orkability of the device 

Heat was stored up at night and used to keep the house com 
forlable duiing the dav As far as tlu‘ cucupants were i.oncemed, 
there was no apparent diffirence between this type ot lieating and 
heating by the usual hot air furnace \o undesirable features iIin- 
closed themselves, and all of tlie problems encountered are clearlv 
subject to salisJactory solution. 

I'urther w’ork remains to be done in woikirig out details of the 
damper mechanism and otlier details c>f control to make it tullv 
automatic Further reduction of heat losses will be studied deter- 
mination needs to lie made of the optimum si/e of storage for any 
given si/e of house Simplification of contioU should be accomplished 
And further working tc'sts should be made to determine if any destrui 
tive eflects can be expected from repeated heating and cocding of tin* 
storage medium and of the walls of the storage oven ,Such tests aie 
being planned for the coming wunter. 
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SUMMER AIR CONDITIONING TESTS 
AT MASON CITY 


P.y Homer J. Dana and R. E. Lyle 


INTRODUCTION 

Popular mtcrcst in siimnier air-conditioning has been greatly 
increased by tlic exlensue use during the past two or three years of 
air-condili(»nin,e ^(iinpnient in theaters, stores, and \ ery recently in 
railr<»ad trains After experiencing; the degree of comfort available in 
these t>id>lii places, many ])eople are beginning to appreciate the ad- 
vantages of summer air-conditioning in the hc>me and are seeking to 
infr»rm themstlves regarding dt tails of this latest contribution to 
human comfort 

When o])portunity was given to conduct a senes of tests^ for 
clettrica! Imuse heating in the 100^'r electrified town of Mason City, 
plans were also made for investigating the possibilities of domestic 
an “I onditioning in the regnm l‘» l>e supplied with power from the 
(‘•rand C'oulee 1 )ani when it is completed. 

CONCLUSIONS 

The suinnu r weather oi tlie Inland Knipirc region e)f the Pacific 
Noit Invest is ch.iracteri/ed by moderately high lemiieratures and low 
relat’ve hnmuhtv Tlnrefore, summer air-c< mditioning as regards 
domestic application more particularly, does not require particular 
attention to tlu' reim^val of moisture in order to assure comfort 

In this legion iheie aie about five months of the year during w’hich 
air cooling is heiKlicial l>urmg this period, according to computa- 
tions made from the WdS vv Lather reports for this area, there W'ould 

‘ 'rhrouph t)n‘ roxiitvf^y of the Mason Walsh Atkinson-Kier Co, contractors on 
the (trand Conlj*e Dam I he Stale College <»f W'ashinpton was accorded the piivileKc 
of using this I no ; electrified tovNn as a field laboratory for studying domestic 
heating with electncit>, iiiaUing tests on theiiual building insulations, making tests 
on methods of heat storage, studying tin- subject of summer and w'inter air-condi- 
tioning. sy.stem eleitrjc heating load, demand factoi, etc 

Apin*e« lation is hereby evpressed to the W’ashington State Planning (Council, 
and to the Columhia Hasin UommisMon for their valuable assistance in sponsoring 
these tests 

Special mention is made of the loan of an conditioning equipment for these 
tests by the W’^estinghouse Electric A Mfg To . and by the General Electric t’o. 
through the .James Smyth Pliimhing l*o of Spokane Also the W’esix Oo. of San 
Francisco furnished certain instruments and ai>parnlu.s used for these studies. 
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1)C* ^)2 flays (luring vvlilcli cof^lin^ aaouIcI be required, with a total of at 
least 5^4 hours of operation of equipment This would he equualent 
to an average of 6 4 hours of operation per day used 

1 lie p(nser required for small domesiit applications of suinmf'r 
air-conditionin.Q cqininnent would range frfuii one kihiwatt upward, 
flepeiiding upon the cooling capacity installed and the air circulating 
system einplo\ed At the lowest prevailing domestic rate of 2c per kw 
hr for j)ov\cr in this legioii, the average cost per day used during the 
season would be from 12c ui). 

k'si r-c (unfen-t from summer air-conditiomne de])(‘nds very dchn- 
it(‘lv upmi propel distribution of ctxjled air in the room, c haractei i/t d 
bv an absence of jierceptihle drafts Air movement in a warm room 
may contiibute t<» tlie comfcjrt of the occupants, but drafts of cooled 
an cause a feeling of chillint.ss whicli defeats the object of an coohiie. 
namclv, greater comfort. 

OBJECT OF TESTS 

It was the purpose cd' these tests to learn more definitely the 
('\unt to which summer air-coTiditi(*ning would apply in the Inland 
Ivmpnc and its ])o>sihilities for becoming of ci>mmercial importance 
in the list o) t'lectnc powei frrmi the Grand Coulee Dam 

1' urtlu rniore, since the avc'rage liome-owmer is more or less tin- 
aciiuamted with the' inniciples of summer air-conditiomng, this repiwt 
will explain s(»me' of the essential fe*aturcs and gi\e a simjdc descrip- 
tion ol the method of providing for this type of domestic comfort 

DISCUSSION OF AIR-CONDITIONING 

The air which we lireathe and in which wc live is to(^ often found 
to he uiisuited for the best living conditions. It is either tv)o hot cw 
too cold: too dry or loo moist: e^r filled with objectionable dusts and 
eidors of various kinds Conditions favorable to good health reiiuire 
that the air should he held within the range of comfortable tempera- 
ture, Its humidity should lie within certain limits; it should be free 
from harmful dust partieles; and it should he changed often enough to 
dispose of c»hjcctionable c^dors All of theise conditions apply to year- 
round air-conditioning The mam difference betw'een summer air-con- 
dititming and winter air-conditioning is that in summer, the air fre- 



(jucnlly needs to he cooled, instead of being heated, and under certain 
conditions heneft is derived from reducing it*^ relative liumidit> instead 
of increasing it, 

HUMAN COMFORT 

The temperature range between 68° and 72° 1' is accejited as being 
most desirable for year-round comfort in the home When '.uminer 
temperatures rise greatly above this \alue, a measure of discomfort 
is usually experienced It is true that some relief can freciuently be 
derued merely by imparting a i)erceptible movement to the air 'I'his 
mo\ement tends to rcmo\ e the en\ eloping blanket of warm moist an 
which normally surrounds the individual in warm weather and so 
promotes exaporalion of moisture from the skin, thus taking up lu*it 
and causing a pleasant sensation of C(K>lness Hut beiutit from an 
movement is \ cry limited, and therefore it is usually desirable to i ool 
the air as well Howewr, evtn though thi air should be irtifuiallv 
taaded to the ojitimum living temperature, tlu' d( sirial comfort of the 
individual is not necessarily assured m every respect If moisture 
Content of the air is high*, evaporation from the* skin is re tardeel w ith 
a eonseqiieiit feeling of discomfort which may be evident in a feeling 
of oppression or in a stickiness of the skin or both vSuch a cinidition 
is occasionallv e\t)erienced tusi ])receding a summer sioim 'Plu* 
remedv is to remove sonu of the moisture held in sus])ension in the air 
and thus lower its relative humidity 

The human comfort /one of relative humidity lies between 
and bS'/f When higher than 65 anel if the temi>erature at tlu same 
time Is above 70° F, a feeling of physical discomfort is usuallv ex- 
perienced. If the relative huiiiielity is below 55 rapid drving of the 
skin and of the mucejus membranes of the body takes place Prolonged 
e\j)osure te) very low relative humielity usually affects the health of 


- huniuhtj is a tonn v\hich denotoK the* Hinimnl of moistuo' MrUially 

s\is|><nided in thr air as vajtor as compared t<» the amount vn Inch it could contain 
in order to be fully saturated at that same temperature The higher th»* tempera’ 
tiire the nioie moisftin* a >fiveu amount of air can contain, and \ice \ersa. Thus, 
a Kiven amount of air at 40® may be fully saturated with evn])orated moisture 
and then has a relative* humidity of lOO''-!' If the same air were increased to 70° 
teinjierature and no moisture were added it would contain only a])i>ro\iniHtelj ;i4‘ c 
as much moisture as it is able to hold at that temperature w’lthout i)recipitHtinp 
In other words, its relative hiimtdity at 70° would he :J4'r A^Hin if the same 
air at 40° and 1 OO'/r relative humidity were cooled to Jb’>°. some of the moisture 
w'oiild condense and be precipitated and it^ relative humidity at the lower tempera- 
ture would still be lOO^/r Then if (his same air were heated a^ain to 70° without 
adding any moisture the relative humidity w^ould be approximately 28<7r. 
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the individual, often resulting in some type of ailment afTeeting the 
nasal passages. Hence, it is important that relative humidity receive 
its proper consideration in connection with summer air cooling. 

In some regions, high relative humidities prevail in summer-time 
and provision needs to he made for deliumidifying the air. In other 
regions, the percentage moisture content is normally so low that 
when the air is properly cooled its relative humidity is automatically 
brought up t(i a more healthful level In the Inland Km])ire, which 
embraces that part of the State of Washington lying between the 
Cascade ^luuntains on the West and the foothills of the Bitter Root 
Mountains in Idaho on the Hast, the summer climate is usually charac- 
terized by rather low relative humidity. Therefore, the extraction of 
moisture from the air for summer air cooling in this region does not 
cfuistitute a major problem, although at times benefit may be derived 
from this feature also. 

AIR COOLING 

Summer air cooling can be accomplished b> passing air through 
a spray of cold w'atcr, or by passing it (»\cr the cooling unit of a 
mechanical refrigeration plant. Since the usual domestic water supply 
is either not cold enough, or is not economically available in sufficierit 
c|uantity, the mechanical refrigeration method of cooling is usually 
employed. 

COOLING EQUIPMENT 

IVactically all mechanical refrigeration systems for air cooling 
include three essential units First, the evaporator or cooling unit 
usually consists of a group of pipe ct>ils inside of which ammonia, 
sulphur dioxide or some other refrigerant is boiled or exaporated 
This evaporation occurs at a low temperature and takes up heat, thus 
serving to cool the air passing over the outside surface of the cooling 
unit. The cooling unit may be located in the room to be cooled, or it 
may be located in an air duct system serxing one or more rooms 

Second, there is the compress<^r unit wdiicli pumps the evapewated 
ammonia or (^ther refrigerant out of the evaporator ct)ils at low pres- 
sure and delivers this gas to the condenser at a higher pressure where 
it is condensed int<^ liquid ready to be used again in the ex’aporator 
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T1k‘ compresscjr, drnen by a motor, is usually located in the basement 
altliou^li in small installations it may be located in the same room with 
the c\aporator 

Third, the condenser unit usually consists of a set of ]ni)e coils 
into which the j^as from the evaporator is jiumped by the compressor 
to be condensed into liciuid refrigerant again This condensing piocc'ss 
removes the heat frcmi the refrigerant which is absorbed while m the 
cooling unit The condenser coils may be cooled b\ <iir. hut nioit* 
frequently arc eqiiipiied to be cooled by water flowdng over or aioimd 
them The condenser is nsuallv hu'aled near the eompres'-nr 

These three units — tlu ev ap<»rator, the eomiiressoi, and the i <>ii 
denser — are poriiianenlly connected together with t)ii)es and v.ilvis and 
their Operation is controlled either mannally oi aiitoniaticallv 

When instalb'd pennanentlv m a home, tlu^ com]*! i ss( >i and lom 
dense! units are usually located in the hasenunt with cooIihl w.ittr 
connection^., and waste to the sewer The evaporator, <»r coolmg unit, 
may also he located in the basement and connected t(» tlu ducts ot the 
lorced air circulating system; or it mav he located m tlu- loom to he* 
cooled, and provided with a small circulating fan to mcie.ist it- t tft t - 
tiveness in cooling Automatic control ma> imliide a llui mortal m 
the ro(»m to he coided, wdiich starts and stops the conquH -s. ,i . ur t(»n- 
trols the circulating fan to the evaporator as recjuired 

BUILDING INSULATION 

The removal of heat by mechanical rcfrig(n*alion reijuuvs jiower, 
tlu- amount depending upon the rate or tlu si/e of the “luat load” 
()|)Vionsl\ then, in the interests of econoinv, it is desirable to reduce 
this beat load as much as ]>(»ssible T(» this end. It is ciivtomarv to 
cb)se the doors and window’s of an air cocjled room, and to ]n o\ ide 
w’indow shades or awnings against the entrance of direct sunlight 
The load which must be handled by air cooling e([iiipnunt in- 
chides heat given off by occupants of tlu room, the heat, if an>. given 
off hv mechanical or electrical eqiiij^ment in tlu* room, and the lK*at 
which may enter frc)m the outside as w’arm air, or by c<mdnction 
through the w’alls and ceiling, <»r sunlight tlirongh tlu windows 
1 he transfer of heat through walls and cc‘ilings can never he 
wholly eliminated, but it can be reduced by the use (»f heat-iiisulating 
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materials'* 'J'lii‘st* materials iticliule slag or rock wool^ expanclefl 
mica ore, diatomaceous eartli, and \ egctable fibre of various kinds 
'^riit latt(‘r may be in loom- form, siu li as baKam wool, or shredded 
Iru' bark, it may be in quilled form, such as dried seaw'ced sew'ed be- 
tween layers (»f jiaper, or it may be in t oiiijiressed board form con- 
sisting ol wood, strawy or lane iibri's 

l"s( is also b( mg made of ilu heat-i ( lU t ting ])roiK‘rlies oi jxdishffl 
metal foil This U''Uall\ comes lemcnttd to a heavy paper which is 
metalled m the vxalls and ceiling during construction S.iwdu^t and 
jilancr sha\ mgs ha\e also been used to till air spaces in walls and 
ceiling hut aic open t<» several objections Tliev are subject l() exec s- 
sne scuttling, thev haibor \eimin, the> are not waterjiroof, and are 
< onsidc red as mcieasmg the* fire hazard 

'Pests have been imide which show that the investment recjuiM d 
|o jnojieilv insulate* the aeerage residence will be returned in the cost 
of fuel s,i\ ed within a period of three years'* 'Phis refers to winlc*r- 
tiiiic s.iving onlv When summc'i air co»»lmg is added, this same iiuest- 
nu lit d<)(s doiibh dutv. thcieforc gi\mg to buildinu insulation a jilacc' 
o| Pn st mqiortam c* in i elation to comlorl and economv m a home 

DESCRIPTION OF TESTS AT MASON CITY 

']\\o houst s m Mason C'llv were c quit>]>ed for summer air-condi- 
t lolling tests during IhdS Itoth were single storx structures with low 
^ 01111)0* it ion roofs and with \entdatmu Icnuies m the gables, which 
w t 1 c* kc'pt open duimg tile summer Phe outside* walls consist of 
mate he‘d siding, buildiiiu paper, sheathing, d' wall space*, anel an 
inside* surfiiec* ()l be a \ e rboai cl or of ^ j" Inse»-board Ceilings w'erc also 
of the same* material milled t<' the* joists R,>ols were of ^'4" sheathing 
eo\er<*d with re*d slate*-].iced c<*mposition looting 

In IHoiise* \. the* ceding and walls were insulated w’lth three* inches 
of ‘T 'iiitill " Provision was made i>rimarily for cooling the living 
room, although se)me be’ncc*til was also clc*ri\ed in adiacc'iit rooms In 
this house*, all the rc*frigc rator eeiuipmenl was localc*d underneath the 
llooi Suitable air ducts and a circulating fan were provided to cir 
dilate* air from the room over the cooling coils and Piack to the roc>m, 

’ S« Faiu I'vji Htill(*tin No 4r« 

' I' S Biiriiin of Indiistnal Kt^sraich, 

O 
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iloiiNC I’, allhoiiuh of (liffcrcnt shape and diimnisions. i inployi d 
a sinnlar typt* of coii'^truction except that all llie air s])aces in the 
walls and between the ceilinj^i joists were filled with niiiural slai; 
woed In tlii^ house', the refnt;c ratinj^ e(jinpinenl ctnisi-^ted o) a port- 
able unit incliKlini; all three refri>;eratinj 4 elements located in the room 
Ik'iiijj: cooled l^'lexible electrical and water lonneclions enabled tin* 
e(iuipment to be transferred from t>ne roenn to another 

I'iach installation was more' or less typical of the tyi)e '»t e'liniinnent 
commercially axailable for domestic snmnier air-e onditioinne 

THE AIR COOLING SEASON 

[•'ij^nre 2 show a tvpual tempi ratiii (' enrxi' for <-ne <»f tlu in 
-ulated hoii'^es when citoled artiticialh Siib'-i cpii nt tc'^t*- -In we id ihi-- 
installation eap.ible of hohliiiL^ the m^ide leiiipe ra tnre- a^ tmuli a^ 2 () 
eleurees below the outride te'inin i .itiii e , but <»f I'oiiTse '•lu h a l.iree 
teiniie ratiire difference is n<»t iisiiallx (\])ecled xr adxised In 1 leiiii 2 
the time' ot operation of the tin rnio-tat is ri fleeted in llie io,.ni U'ln- 
perature eur\e 

J'lmire d s}i(»ws ih( tenita 1 atni e lontrol .iff(»idid b\ aifiheial 
cof)bng in amdher Imiise in whnh the walls and eeilings win nisiib 
aied In this ease the e*ai)aeit\ of the coobne unit \ ei \ elo-selx ap]n*oM 
mated the heat load nnposid upon it so that there' was no ne'e d foi 
the thermostatic control to operate 

AIR-CONDITIONING PERIODS 

In J^'igiire- d is sliow n a uraph <*f the elaiK nniMinniii aiul niiniinnni 
tem])erature s jirex ailing m Mase»Ti City foi tin fixe* vxarmer months of 
the year Ml temperatures abox t 80^' h' mdii.'ite' in riods m xxhuh air 
cooline can be profitably einjiloxed foi at least jjart of the' day In 
hhgitre S is sfiown the ax crape number of hours jx r dax in xxlneh a 
temperature aboxe 80° h' is to be expected as related to tin* niaxnmiin 
temperature reached that day 

Table 1, based tipon I^'igiire 4 and higiire 5 sln>xvs the number of 
hours per month during 1935 in which air cooling was found desirable 
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Table 1. 


>Ionth 

mao 

Days lt*iui»€^raturf> 
learhed 80® F 

Total hours 
abov*^ 80® F. 

May 

10 

42 

June 

1 5 

86 

July 

27 

212 

August 

22 

163 

v^etiteniber 

18 

91 

Total 

92 

394 


It Is rt‘Co^ni/ccl that the area to be ser\ecl with power from (irand 
Coulee Ih'im will not all be subject to temperatures correspondiiiL; to 
those prevailme at Mason City Some sections will ha\ e more and 
some will ha\ t less hours jier day wdien the temperature will be abo\e 
80' 1' and when coolmu would be desirable. However, Table 1 may 
he accepted as Ix iim close to the median of the pre\ailmc: t(‘mpcra- 
tures in this rection 

\o tt mtierature records are available lor Mason City prior to lOdS, 
hut such records are a\ailahle tor certain other points in the Inland 
iMiipire Inspection of such records shows that the summer of 1035 
represents an ax erajic of the ])ast six years, as regards the number of 
da> s dunni.r which temiieratures exceed 80° F 

( >11 this basis, therefore it may be assumed that Table 1 is rcpie- 
^entatixe of the seasonal demand for domestic air cooliny in this 
rc ciion 

POWER REQUIRED FOR AIR COOLING 

The amount of pow'cr required for air cooliny depends in yeneral, 
upon the size of the heat load to be handled This is aliFected by si/e 
of room, amount of heat leaking into room, heat given off by people 
and equipment within the room, etc In order to determine the capa- 
city of the cooling equi])ment needed and the pow'cr required for any 
uLixen installation careful calculations of all \ariables must be made 
However, for small domestic applications in w^ell insulated homes tlu 
power requirements of the tw'o experimental installations for these 



lest^ would probably be repre^erilatix e Table 2 rivcs the a\era^L 
power rcciuireiiK nts derned from data secured in those tests 


Table 2. 


(’ll ft 
House cooled 

Test hours 
oiionitcd 

KVV hrs 
used 

A\l‘l pO\V(M' 
used 

KW hr*, 

pi Sells 

A 51‘)5 

100 Q5 

211 3 

2 08 KW 

1254 KW' hr 

H 3552 

361 63 

341 5 

0 94 KW' 

591 KW hr 


hVoin 'fable 1 it is slu)wn that the evi)oeted axerai^e annual domes- 
tic Cooling jieriod in this region will be approximateh 6(10 hours, and 
from Table 2 the energ> used for a t\pical small domestic aiiplication 
wi’uild range fioin 350 to 1250 K \\ hrs Table 3 shows tlu anmial 
Cost for jiower foi cooling based upoti^ se\ (“ral hypothetical rates 

Table 3. 

AniHinl < (>s< at samplo rates ])t»r K\V hr 

Annual KW 

hrs used R ‘i< Ic Yi v 

1250 $37 50 $25 (.10 ' $12 50 $0 37 $6 25 

550 16 50 11 00 5 50 4 12 2 7- 

JOir most localities in the Inland fanpire there prevails at piesent 
a (hmiestic rate for electricity in which the lowest step is 2(. per K W 
hr, and those homes ha\ ing an electric range usually consimu tuioneh 
elec tricity each month to get down to the 2c rate ( )n this basis, 
therefc»re, the operating cost for a typical ch)niestic cooling s\stem 
for the summer, on the present rate for pow'er w'ould range' from $11 00 
to $25 00 s])read over a period of five months. It is certain that if 
power w'ere axailable for this purpose at a rate as low as U ]K*r K W' 
hr, a large number of domestic users would find mechanical air cooling 
very attractive. 

AIR COOLING WITH OFF PEAK POWER 

It would, of course, be impracticable to cool air at night with oil 
peak power and attempt to store the cold air for use the n(‘\t day 
lUit It w'ould be entirely feasible to cool some other medium such as 
W'ater, and use it later for room cca)ling purposes I'or instance, as- 


Ftoiiso 

A 

1 ] 
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Mime timt house A, ;is imlirated in 1'ahle 2 uses 2 K \V of power for 
a maximum of 10 hours per day, and that the efTectue refriueratine 
eapaeity of the unit is llj tons, or 18,000 l> T U per liour Thus, the 
amount of li(‘at to he extracted from the livmj;’ ro(»m, on the abo\ e 
basis, would he 180,000 !*> T I ' ])(‘r day e)t 10 hours This rejiresents 
the amount of heal absorbed b\ the mcltini; of 1250 lbs of ue 

W'hih. the economies of usiiif^ off peak ])ow’c‘t for domesiie sum- 
mer air cooling has iu)t been in\ estii'ated thor(jU}.»,hl\ , it is certain 
that the idea is meehanieally feasible There undoubtedly are certain 
advanla^es to this method such as manufacture ol ice for other uses, 
etc 

APPENDIX 

Moisture Condensed. Provision was made to measure the moisture 
condensed on the evaporator voiK of one of the air cooling installa- 
tions With outside relative humiditic's ranctinj^ from to 27''^, the 

lelative humidities in the room bcMiii; cooled ranjxed from 37' c to U')' f , 
and the rate of cemdensation of moisture varied from 5 to 107 pint^ 
]»ei hour Till' amount of moisture condensed wa^nild depend upon tlu 
volunu, the tem])erature, and the ri-lative humidit> of the air bemy 
cooled as well as upon the temperature of the coolinu coils In this 
casi, approximately 300 cu ft of air was beme circulated over tlu‘ 
evaporatm* coiK pei minute 

Weather Conditions. Durinu the 48 da vs (»n vvhicli test data vveue 
seemed. 37 days were recorded as beinu clear, with 11 dav s ])artly 
cloudv I hinnj^ that tune the wind velocitv was rc ccucled as raneme, 
from 3 0 to 13 miles jicr hour with the majority of the days enjoyint^ 
bree/es at 4 to 6 miles tier hour 

Cost of Power for Tests, by reason of the special conditions 
under which the contractors were able to buy t>ovver for construction 
purposes on the Crand Coulee Dam, it was possible to secure iiovvei 
f(vr these tests at 3 nulls per K \V hr At this rate the summer’s 
operations on house A amounted to $3 76 

•’'A Itntish Thcnnnl Unit of h«‘at is that quantity of boat required to iui.se thi* 
tcMiuioratnro of one jiound of water one decree F One ton of refnjreration repre 
sents the equivalent cooliiijr eeooin]ilished l»v meltinir one ton of iee at 112 F 
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Power Requirements For Air-Conditioning." Table 4 shows the 
average power requirements for conjfort air equipment as installed 


f(»r domestic use. 

Table 4 

1 Comfort air-conditioning single room HI’ 

2 Comfort air-c»>nditionmg average si\-rot>m 

house wuth diversity v^HP 

3 Ditto, hut cooling 1()()V< at time, no diversity 5 Hi’ 

4 For larger residence with more than siv 


riioms F-* Hi' per rm 

Considerable attention w'as given during these tests t(> (Uterimne 
the C(»nifort I'njoyed by the occupants of the houses m which lists 
were being conducted It was found-that the distributnin ot the cold 
air into the room re(|Uired very careful attention. i’crce]>tibl(‘ air 
movement under these combtions seemed to cause a fetding of chilli- 
ness which defeated the feeling of comfort ordinarily expected from 
the reduced Kunjierature Jt apjiears to be verv important that the air 
circulation should be at a low velocity, especially in those ]>arts i>f 
of the room occujiied by individuals at rest. 

Since the relative humidity of the air m this i(‘gi(»n is normally 
low, there is no great problem invtdeed in dehumidification. The rela- 
tive humidity of the cool air in the rooms under test appeared to be 
wxdl within the comfort range and sufficiently low’ so that the occu- 
])ants of the room were not aware of other than a comfortable 
sensation 

‘■Will Air Ponditii nmiL: Bitoiih' a De.sirabU' Kleotrical Tiond, by R E P«v\ors, 
Elr( .lour Nov IPa.’i 
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METHODS OF HEATING FRUIT WASHING 
SOLUTIONS 


By Homer J. DanaCD 
INTRODUCTION 

The removal of spray residue from fruit has become increasingly 
important for two reasons: First, the increased number of sprays 
necessary for controlling the codling moth leaves the fruit at picking 
time with an exceedingly heavy load of residue. Second, the Federal 
tolerance on lead and arsenical residue® has been lowered from time 
to time, thus necessitating more thorough and intensive methods of 
cleaning. This has led to the development and adoption of double 
process, or tandem washing, in many districts of the Pacific North- 
west and to the use of heated washing solutions. 

At first, the heating of washing solutions was employed almost 
exclusively by the larger growers and by central commercial plants, 
and in many cases the small grower met the tolerance when necessary, 
by taking his fruit to these plants. However, there is now a growing 
tendency among small growers to wash and pack their own fruit, and 
this has necessitated provision for heating wash solutions cheaply and 
effectively.® 

Commercial types of heaters now available are frequently not 
within the means of the average grower and consequently many have 
developed ingenious heaters of their own. 

The object of this report is to describe and illustrate the general 
principles of these devices in order that more growers may become 
acquainted with methods which are within their means to employ. 


© Assistant Director, Engineering Experiment Station, State College of Washington 
©The 193.'i Federal Tolerance of lead residue is .018 and on arsenical residue is 
010 grains per pound of fruit. 

© Appreciation is expressed for the assistance given by Professor P. L. Overley, 
in charge of Fruit Investigations at Wenatchee, in the preparation of this 
manuscript, and to Professor Roy E. Marshall. Acting Head of the Department 
of Horticulture for helpful criticism. 

Also. Mr. W. A. Luce, Washing Specialist, State Department of Agriculture, 
at Wenatchee, greatly assisted in the survey of heating equipment now in use 
by various growers. 
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Freqeuntly, one or two ideas are all that a resourceful grower requires 
to get started. With an understanding of what is required, he will 
usually be able to adapt some equipment he has on hand, or can ac- 
quire cheaply, and thus provide himself with an effective and satisfac- 
tory heating system. In those instances where commercial equipment 
can be afforded, this report will indicate the types in common use 
from which a selection can be made. 

DOUBLE PROCESS WASHING REQUIRED 

Tandem washing involves the use of two different cleaning agents, 
one usually being an acid, and the other an alkali solution, both of 
which, for best results, should be heated. In some cases, the fresh 
water rinse is also being heated The dilute acid solution, even when 
cold, attacks most common metals and when heated, the corrosion 
progresses very rapidly. Consequently any device intended for heating 
washing solutions of dilute acid must be designed to operate with a 
minimum cost for replacement from destruction by corrosion Such 
heaters may be constructed of expensive monel metal which is not 
attacked by acid. , 

CORROSIVE SOLUTIONS USED 

On the other hand, the silicate, or alkali solution does not attack 
metal, but if it is carried through heating coils in the furnace, the 
silicate deposit quickly chokes up these coils One of the simplest 
methods of meeting both these objections is to use a steam kettle, or 
boiler, and conduct the steam through separate pipes into the two 
solution tanks. Thus, neither solution makes contact with the metal 
of the steam generator. However, the objection to this method of 
heating arises from the fact that the addition of the condensed steam 
to either solution causes undesirable dilution. 

If both wash solutions are heated by steam from the same boiler, 
everything will operate properly so long as the steam temperature is 
maintained If the fire goes down, steam in the boiler will condense, 
thus forming a vacuum, which will draw the solutions out of the 
washer and into the boiler. The silicate solution will do no damage 
except to form an undcsired coating on the inside of the boiler. If the 
acid solution is drawn into the inside of the boiler, its corrosive action 
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on the steel will be very rapid, thus causing permanent injury to the 
boiler. Therefore, it is necessary, as a safeguard, to insert a check 
valve in the steam pipe to the acid solution, and desirable, though not 
imperative, to provide a similar valve in the steam line to the silicate 
tank. Such a valve automatically permits flow of steam away from the 
boiler but prevents return of the solution to it when the boiler cools 
off. 


SIMPLE STEAM GENERATORS 

Figure 1 illustrates a simple heater constructed by mounting 
two 50-gallon steel drums side by side over a concrete firebox, and 
piping them together to carry steam to the solution tanks In a plant 
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which packs .500 boxes per day, this type of heater consumes about 
one cord of slab w'ood per week. It will be noted that a steam gauge 
and safety valve are shown. They are highly desirable m an installa- 
tion of this kind as a guide to proper heat control, and as a means of 
preventing explosion in case of over firing. It is strongly urged that 
steam plants, regardless of size or cost, be provided with a safety 
valve and pressure gauge. It must be kept in mind that any closed 
vessel which is used in generating steam will blow up if the pressure 
rises above the strength of the weakest part of the boiler. Provision 
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of a safety valve on the boiler prevents accidental increase of steam 
pressure above the setting of the valve. 

The use of two drums instead of one increases the water capacity 
of the boiler thus requiring less frequent filling, Also, as in Figure 1, 
the heating surface is increased, giving greater steaming capacity. 

Water level in the boiler shown in Figure 2 is determined by 
means of two pet-cocks on the vertical pipe joining the two equalizer 
pipes between the drums. Filling is accomplished by means of a hose 
connection to the drain valve. Heat loss may be greatly reduced by 
covering the top of the drums with dry earth or sand. Figure 2 is a 
side view of the boiler shown in Figure 1 and gives further details of 
the pipe connections. 
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Figure 3 shows another steam generator improvised from two 
steel drums of different sizes. The smaller drum is inserted in the 
larger one and the two are welded together at the open end. A smoke 
pipe is welded into the other end, and with simple grates and fire 
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doors, it serves well to supply steam for a small washer. Some users 
have added a steam dome as shown, which permits a better separation 
of boiling water from the steam and permits more vigorous firing on 
that account. It consists of a 15-gallon oil drum connected as shown. 
A water glass is shown for determining water level, although pet-cocks 
as in Figure 1 could be used for the same purpose. Heat losses from 



the surface can be reduced by applying pipe covering such as asbestos 
or magnesia. A less effective covering may be made of brick, or dry 
earth, which is far better than leaving the surface of the boiler 
exposed. 


CIRCULATING COIL HEATERS 

As mentioned above, there is some objection to diluting the 
washing solution with the condensed steam. To meet this objection, 
some growers choose to circulate the solution through pipe coils in 
the fire box, and to replace these pipes as often as necessary. 

Steel pipe corrodes very rapidly when subjected to the action of 
a warm acid solution. Copper pipe will last much longer than steel, 
and monel metal pipe will last indefinitely. Since monel metal is 
rather expensive it is suggested that thin tubing be used rather than 
pipe of standard thickness. 
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Figure 4 shows a heater with pipe coils in the fire box which has 
been in successful use for more than one season. Two 50-gallon drums 
were buried with open heads end to end just even with the surface 
of the ground, and equipped with a fire door at one end and a chimney 
pipe at the other. Steel bars serve for grates for burning wood Sonic 
20 feet of steel pipe was inserted lengthwise inside the drums 
and over the fire. While this coil did heat the solution, it was stated 
that 40 feet of coil would have made firing much easier, and would 



have afforded more satisfactory temperature control. Using a 1% 
acid solution heated to 90® F , this pipe coil has not yet been replaced 
after practically two sea.sons’ use. With higher temperatures, corro- 
sion would be very much more rapid. Provision should be made for 
a drain connection at the lowest point of the coil. 

It is impractical to use pipe coils in the fire box for heating silicate 
solutions because the silicate deposit rapidly fills the pipe and stops 
circulation. This difficulty has been met in part by using a steel drum 
as the heat exchanger. While the silicate deposit takes place in this 
drum, there is room enough perhaps for an entire season’s deposit 
without stopping circulation. On the other hand, the presence of this 
deposit on the inside walls of the heater requires a hotter fire to 
maintain solution temperatures. 

Figure 5 illustrates the adaptation of a 30-gallon domestic hot 
water tank for heating the silicate solution. It is mounted horizontally 
over a brick firebox and covered with brick to reduce heat losses. The 
piping to the solution tank is graded well to promote natural circu- 
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lation. Heat is generated with a wood fire, and temperature is con- 
trolled by adjusting the draft dampers. 





LARGE CAPACITY HEATERS 

Larger growers requiring heat for one or more washers have re- 
sorted to larger heating units Where available, an old tractor boiler 
makes an excellent steam generator Afany such plants are in use. 
Some are fired w'ith coal, others with wood, some with an oil burner, 
and some with sawdust Figure 6 illustrates such a plant in which the 
water level maintained by means of a float valve connected to con- 
trol the city water line feeding the boiler This plant burns wood, and 
operates at about 7 lbs steam jiressure It discharges steam into the 
solution, maintaining the silicate bath in this case at 105® and the acid 
bath at 110° F This plant was equipjied with water glass, try-cocks, 
safety valve, and whistle. 
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Even a domestic steam boiler such as is used for heating a resi- 
dence is occasionally found doing service in a packing plant. In one 
instance, such a furnace, using wood for fuel was being used to supply 
steam to pipe coils in the solution tanks. Each coil included ap- 
proximately 20 feet of pipe. The opinion of the operator was that with 
acid on the outside of the coils, the pipe would last three times as 
long as if the acid were circulated through the pipe. Both solutions 
as well as the rinse were heated with steam coils, the condensed steam 
flowing back through a common pipe to the boiler to be reheated 
Hand valves controlled the amount of steam to each coil. Advantage 
of gravity return of the condensate to the boiler was possible by 
placing the boiler in the basement. 

IMPORTANCE OF TEMPERATURE IN WASHING 

Hydrochloric acid washing solutions are used in the washing 
machines at different temperatures varying from the temperature of 
cold tap water, about 60° F., to 100° F., and sometimes higher. Sodium 
silicate is not effective as a wash solution at a temperature less than 
90° F. The temperatures most generally recommended for sodium 
silicate are 100° to 110°. However, 120° is often used with sodium 
silicate on fruit which is hardest to clean. 

The higher temperatures may cause injury to fruit if it remains in 
solution too long. When mineral oil is added to the wash .solution, 
the maximum temperature range may be increased without apparent 
injury to fruit. 

With fruit direct from cold storage rooms and fruit held in or- 
chards late in the season, where the average temperature of the fruit 
is close to freezing, increased supervision is necessary to maintain 
temperatures. 

AUTOMATIC TEMPERATURE CONTROL 

Automatic temperature control is highly desirable to eliminate 
constant attention required of an operator, and to assure a uniform 
temperature for best results in cleaning. One type of automatic con- 
trol makes use of a metal thermometer bulb located in the solution 
tank and connected by means of a small metal tube to control the 
opening and closing of a steam valve to the heater. (See Figure 6). 
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As long as the steam pressure is reasonably constant such a control 
will serve to maintain uniform temperatures in the bath, and will re- 
quire only occasional attention from the operator. This type of con- 
trol can be applied equally well either to steam coils or to steam 
pipes discharging directly into the solution. 

AUTOMATIC SAWDUST BURNER 

Where sawdust is available, it affords a cheap fuel for heating. 
While it may be shoveled into the fire box from time to time, it may 
also be fed in automatically. Figure 7 shows a common type of auto- 
matic sawdust burner with no moving parts. Control is obtained by 
manipulation of the damper. It is important in all types of heaters 
that the '^tack or chimney be tall enough to give plenty of draft. 
Otherwise heating will be sluggish and not easily controlled. 




ELECTRIC BAYONET TYPE HEATERS 

Considerable use has been made of electric bayonet type heaters 
for keeping the washing solutions at the desired temperature. These 
may be controlled by hand switches and are usually turned on and 
off individually in order to furnish a graduated heat control Caution 
must be exercised in the use of electric heaters never to turn them on 
unless covered with solution. If exposed to air they will overheat and 
burn out in just a few minutes. 
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AUTOMATIC ELECTRIC CONTROL 

Figure 8 shows a group of electric heaters with an automatic 
temperature control provided. A dial-type thermometer is installed 
with its extended bulb located in the solution tank. In addition to the 
usual temperature indicating hand on the dial, adjustable contacts are 
provided for electric control circuits. A typical circuit diagram is 
shown, which provides means for automatically turning on one heater 
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figure VIII 


if the solution is too cool and turning it off when the temperature 
rises to the desired i)oint. Enough heater elements arc turned on by 
hand to almost maintain the desired temperature. Then the automatic 
control turns on or off an additional heater, as required, thus maintain- 
ing the solution temperature with but very little variation from that 
desired. The circuit diagram shows a magnetic sw'itch and a circuit 
opening relay associated with a contact-making indicating thermometer. 

This same control circuit may also be employed to open or close 
a -magnetic valve in a steam coil, thus affording automatic electric 
control on a steam heater. 

VISUAL AND WARNING SIGNALS 

In the absence of automatic control on the heaters themselves, 
a visual or audible signal may be employed to give warning of the 
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fact that the temperature is too high or too low. Such a signal circuit 
is also shown in Figure 8 It employs a bell to indicate temperature 
too high, and a red light to indicate too cold. As long as the solution 
temperature remains within the allowable range of two or three de- 
grees, no signal is given. 

In the absence of automatic control of the heaters, or of a warn- 
ing signal as shown, simple dial-type thermometers with extended 
bulbs may be located where plainly visible to an attendant. Thus, the 
dumper, for instance can note at a glance and without leaving his 
work, whether the temperatures are correct or need adjusting. Such 
thermometers can be pro\ided with copper bulbs for alkali and monel 
bulbs for acid solutions, and with extended tubing up to ten feet. 
Five feet long is usually found to be satisfactory 

STEAM PRESSURE IMPORTANT IN HEATING 

In the foregoing descriptions of steam heaters, it will be noted 
some boilers were o])crated at 7 lbs steam pressure and others were 
operated at 25 lbs , etc Primarily, of course, the strength of the 
boiler itself determines the highest pressure at w'hich it can be op- 
erated safely 

What then, are the objects of operating a boiler at a higher steam 
pressure*^ The answer is, the higher the jiressurc at which steam is 
generated, th<' more heat it will contain per weight This is a slight 
advantage in those installations w^here the steam is condensed into the 
solution because it requires less weight of steam with consequent less 
dilution of the solution. Sixteen ounces of water turned into steam at 
7 lbs gauge pressure contains 1156 B T U.’s of heat and has a tempera- 
ture of 230 5° F. The .same w'eight of water evaporated into steam at 
25 lbs. pressure contains 1169 B T U ’s and has a temperature of 267° 
b\ or an advantage of v^6° F. In se>me casi*s, provision is made for 
the steam to pass tlirough additional coils in the fire box and thus 
be superheated An increase in temperature by this means permits the 
same heating to be done with less stem thus reducing the dilution 
of the wash solution. 

In setting up any heating plant, due regard should he given to the 
fire hazard involved. Carelessness in this respect jeopardizes the ad- 
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jacent building and equipment, may result in cancellation of insurance, 
and if a fire takes place, will cause losses in the handling of the crop 
far in excess of the cost of taking the necessary simple precautions 
in the first place. 
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SUMMARY OF HEAT STORAGE INVESTIGATIONS 

The practical use of an off-peak heat storage system using rock 
and brick as the storage material and the hot air principle for heating 
as observed in a series of tests of an experimental system is pre- 
sented, The results of these tests show that it is entirely feasible to 
heat modern homes with this type of heating equipment. Complete air 
conditioning features are readily adaptable for use as a unit with 
electrical heating systems of this nature. The operation of such a 
heat storage system is simple, the controls being automatic. 

The principle of off-peak use of power for heating is proven to 
be entirely practical. Such use will add to the total sale of kwhrs. 
without increasing the peak demands on the power system and will 
increase the system load factor during the heating season. The peak 
demand of an electrically heated house is reduced about 2S% when 
use is made of off-peak storage. The total power consumption is 

I 

slightly higher than with direct heating, but the overall efficiency can 
be maintained at a very high level by proper construction and opera- 
tion. Cheap power from projected hydro-electric developments may 
make domestic electric heating competitive with the common fuels. 

Suggestions are offered as to the design, construction, and opera- 
tion of rock storage equipment to satisfactorily meet the requirements 
of modern electrical heating. By the application of accepted principles 
of heating, a well-insulated and constructed heat storage unit with the 
proper automatic controlling equipment can be operated to provide 
efficient and comfortable heating comparable to that furnished by 
other automatic heating systems, with the combined advantages of 
direct electrical and hot air heating. 


4 



Characteristics of Heat Storage in Domestic Heating 


By 

Homer J. Dana and R. £. Lyle 
INTRODUCTION 

The possibility of utilizing hydro-electric power in heating homes, 
office buildings, factories, etc., during the cold seasons of the year has 
led in the past to many schemes and experiments for the efficient 
utilization of such heat. The usual equipment used in residence heat- 
ing consists of resistance heaters of various types which use power 
currently with the demand for heat. The power demand on the dis- 
tribution systems is accordingly very high at certain periods of the 
day and low at other times. When supplied from a distribution system 
having a large percentage of residential load, the power demanded by 
electric heating adds to the peak demand of the other domestic uses, 
creating a serious situation from the viewpoint of the utilities supply- 
ing the load. In addition, electric heating is a critical load to supply 
since prolonged interruptions to service would be very inconvenient to 
the customer. 

The electric heating load is seasonal in nature with high demands 
in cold weather and practically no demand in summer. This load has 
not been attractive to the electric utilities since it means high peak 
loads as compared to total kwhrs. used. The present sale of electrical 
power for commercial, industrial, and other uses commands a much 
greater return than would its use for heating. In order to compete 
with different types of fuels, the delivered price of the kilowatt-hour 
must be considerably below the prevailing level* These facts and 
others have in the past prevented the general use of electric power 
for house heating. 

In recent years it has become apparent that the development of 
the Grand Coulee and Bonneville projects in the Pacific Northwest 
might create a surplus of generated power which could be made avail- 

‘ See Engineering Experiment Station Bulletin No. 46, “The Feavribility of Using 
a Heat Storage Device for Domestic Heating With Electricity.^' July, i935» by 
Homer J. Dana and R. E. Eyle. 



able for the heating of homes. Because the high peak demand and the 
low load factor of the heating load aggravate an already bad condition 
on the distribution system, means have been sought to reduce this 
peak demand and increase the load factor for the heating load. This 
can be accomplished by generating heat in a storage compartment 
in the house during the hours when other demands on the system are 
at a minimum, and using this heat as needed during the daytime. The 
power demand during this off-peak period can be somewhat lower 
than is the maximum demand needed to heat up a cold house The use 
of power during the off-peak hours tends to fill up the depressions 
and avoids the peaks of the distribution system load curve, thus mak- 
ing generation and distribution more economical 

The storage of heat by accumulation in pea gravel, brick, iron, and 
especially in insulated tanks of water has been tried in the past,* but 
the cost of electricity has prev<;nted its acceptance. With cheaper 
power available this method of heating will command renew^ed in- 
terest. As a means of effecting a low cost heat storage installation, 
the use of boulders as a storage material was studied in the tests de- 
scribed herein The specific heat of stone (0.19 to 0.21) is lower than 
that of water, but this is offset by the higher density (2 6 to 2.8) and 
the higher permissible operating temperatures, (water, 100'’-240° F. 
and rock 165^-500° F.). Furthermore, stone for heat storage does not 
require an expensive steel container as does water. 

When heat is generated by electrical resistance units in an in- 
sulated compartment filled with rticks and small boulders, the rise in 
temperature of this material represents stored heat When a motc)r- 
operated fan draws air through the heated rocks in the storage com- 
partment, the resulting hot air may be distributed to the rooms of 
the house through conventional hot air ducts. By use of suitable 
automatic controls, a home may be heated with a degree of comfort 
equal to that derived from an automatic oil, gas, or coal furnace in- 
stallation, and with greater cleanliness and convenience. Such an 
installation requires a minimum of personal attention. 

* See Bibliography of Electrical Heating References in EngineerinR Experiment Sta- 
tion Bulletin No. 45, “Comparative Heat Eoss Tests on Insulated and Un-in- 
sulated Buildinj^s in the Electrified Ma.son City at Grand Coulee Dam Site.’* 
May, 1935, by Homer J, Dana and R. E. Eylc. 
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OBJECT OF TESTS AT MASON CITY 

A remarkable opportunity for investigating and testing the prac- 
ticability of electrical house heating was presented when the Mason- 
Walsh-Atkinson-Kier Company, contractors for the construction of 
the Grand Coulee Dam, decided to completely electrify their con- 
struction camp even to providing electrical heat in the houses. Ac- 
cordingly, their permission was obtained to conduct a series of in- 
vestigations of the practical use of electrical heating and air condition- 
ing.'* To facilitate these tests, a three-roorn residence designated as a 
laboratory house for these investigations was erected by the M.W.A.K. 
Company on a special foundation providing a full basement which 
was the only departure from the pier type of foundation used under 
all other houses in the camp. 

In the basement of the laboratory house an experimental heat 
storage unit filled with granite boulders was installed and a series of 
tests was made during the winters of 1934-35 and 1935-36 to determine 
its feasibility. A fir.st progress report on the feasibility of such a heat 
storage unit* was published by the State College of Washington in 
July, 1935. This report is based on a second year’s study in Mason 
City. 

SCOPE OF TESTS 

If an extensive electrical heating load is to be applied to a distri- 
bution system, careful attcnli^m must be given to securing satisfactory 
coordination of this low revenue load with the higher paying com- 
mercial and industrial loads. This is necessary m order that the heat- 
ing load may be added without jeopardizing the existing revenue. 
The opportunity to study the load characteristics of a large number 
of electrically heated homes in Mason City, Washington, furnished a 
large amount of information on the peculiar characteristics of the 
domestic heating load The vaiiation of consumption of individual 
houses with weather conditions^ ihe range of consumption among 
difTerent families, the maximum demands for power placed on the 
system, the diversity t,)f demand of groups of Iniuscs, and a number 

•The Ma.son-Walsh-Atk-ison-Kior Company not only gi anted permission to the State 
College of WashiiiRton to use Mason City, the largest laboratory of its kind in 
the world for these studies, but they also assisted in every way possible by 
loaning inaten.als and equipment needed This assistance is greatly appreciated 
because the studies would not otherwise , have been possible. 


7 



of other factors bearing on the problems of power distribution for 
the heating load were also available to be studied. Observations at 
first hand of the heating comfort derived in the home from electric 
heat and comparisons of the operation and results obtained from heat- 
ing equipment of different types were made. At the same time the 
necessity of proper building construction and insulation in conserving 
heat was demonstrated/ 

HEAT STORAGE TO USE OFF-PEAK POWER FOR HEATING 

The average domestic heating customer expects to be supplied 
with heat at a high rate in the mornings for heating up his cold house 
and at a lower rate during the balance of the day, as the weather and 
occupancy dictate The combined load curve of a group of heating 
customers corresponds roughly to the variation of outside tempera- 
ture, since the heating load is much larger than the domestic load. 
Morning and evening peaks and a minimum demand during the middle 
of the day and at night are notable features. If heating is by the 
direct method, the peak demands will occur at about the same hours 
as the maximum demands from other domestic uses, and thus will 
require a corresponding increase in the load carrying capacity of the 
electrical distribution system. That js, the power system would have 
its peak loads greatly increased, usually without a proportionate in- 
crease in average load. 

To offset this condition, use can be made of off-peak power in 
heat storage units to level the load curve, increase system load factor, 
and improve distribution conditions. This use carries possibilities of 
increased revenue and load factor for power systems without raising 
the peak demand. 

The practical operation of an experimental rock heat storage 
system' at Mason City was observed during a period of varying out- 
side temperature and weather conditions to determine its feasibility 
as a practical house heating plant, it energy consumption, its thermal 
efficiency, and its adaptability for overcoming the economic restric- 
tions which have thus far limited the use of electrical energy for 
space heating. 

* See Engineering Experiment Station Bulletin No. 45, "Comparative Heat Eoss Tests 
on Insulated and Un-insulated Buildings in the Electrified Mason City at Grand 
Coulee Dam Site," May, i93S* hy Homer J. Dana and R. E. Lyle. 
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CONSTRUCTION OF EXPERIMENTAL HEAT STORAGE 

UNIT 

A two days’ supply of heat for the three-room laboratory house 
was determined by calculation to be about one million B.T.U.’s. To 
store this amount of heat at a reasonable temperature a mass of stone 
and brick 4^2 x 41/2 x 53/2 feet was required. The storage unit as erected 
in Mason City consisted of a four-inch shell of common brick laid 
up with clay, inside of which were piled granite rocks and small 
boulders found close at hand. An insulating layer of three inches of 
Mineral Wool and an outside course of hollow tile completed the 
walls and top of the storage unit. 

The electric heater elements in the storage unit were controlled 
by a time switch, the charging rate being selected by means of hand- 
operated switches. Rates of 10, 7 5, 5.2 and 3 kw. could be used at 
will The heater elements were made up of spirally wound chrome- 
molybdenum resistance wire* supported by porcelain insulators on an 
iron framework. Each of two frames supported a 2.5 and a 3 kw. 220 
volt element. These frames were inserted in the bottom of the furnace 
through the cold air entrance A carefully standardized watt-hour 
meter was used to measure the kwhrs. of heat energy introduced into 
the storage chamber. 

Provision was made for bringing cold air from the rooms into the 
storage unit at the bottom of one end and removing the heated air at 
the lop of the opposite end after the fashion of hot air furnaces. 
Longitudinal spaces were provided in the bottom at the cold air en- 
trance and in the top at the hot air exit to equalize the flow of air 
through the oven A thermostat, inserted through the side of the 
storage unit, was connected to interrupt the charging current when 
the maximum temperature was reached. Hand-operated dampers in 
the by-pass and hot air ducts controlled the mixing of the cold air 
from the rooms with the very hot air from the storage unit to reduce 
the air temperature to a customary value for introduction into the 
rooms. 

An automatic damper control mechanism was so designed that the 
temperature of the air stream delivered to the rooms would be con- 

^ The Wesix Klectric Heater Company, 300 First Street, San Francisco, California, 
furnished heater coils, control relays, time switches, thermometers, and a set of 
four radiant-convection type static heaters for use in these tests. 
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trolled below a limiting level. Because of the arrangement of the air 
passages in the storage unit, it was necessary to close the damper in 
the hot air exit whenever the fan was idle in order to secure better 
control of the flow of heat to the rooms. A mechanical switch was 
arranged to open this damper mechanism when the fan motor was 
turned on by the room thermostat. 

The tempered hot air from the storage unit was forced into the 
rooms through a conventional duct system by a ventilating fan* which 
was provided with a cone pulley so that different air velocities could 
be obtained. Hot air registers were located in the baseboards and 
cold air was drawn from cold air grilles in the floor of each room.* 
The operation of the motor-driven fan was controlled by a time switch 
and by a room thermostat. Another thermostat mounted in the hot 
air duct and connected in the fan motor circuit served to shut down 
the fan in case that, for any reason, the temperature of air passing 
through the duct should rise above a desired value. 

A potentiometer and calibrated thermocouples were used to meas- 
ure temperatures at various points in the storage oven. Two thermo- 
couples in the center of the oven and one at the inner brick surface 
were used to indicate the amounf of heat stored, and two others lo- 
cated at the outer .surface of the first layer of insulation were used to 
indicate the heat loss from the storage oven Other thermocouples 
measured the temperature of the air at different points in the system 

STORING HEAT IN THE STORAGE UNIT 

Heat generated in the heating elements is distributed mainly by 
air convection to the individual rocks and is absorbed by conduction 
in the thermal capacity of the storage material. The volume of air 
contained within the storage compartment is circulated by natural 
convection from the heater elements up through the center of the 
pile of rocks, returning down the sides. The space adjacent to the 
heating elements becomes very hot and the center of the pile, which 
receives the current of heated air first, is heated to a higher tempera- 
ture than the parts next to the walls. Also, the upper portions of the 
storage space are maintained at a higher temperature than the balance 

* Brandt Bros., Heating and Ventilating Engineers of Spokane, Washington, con- 
tributed the use of a Buffalo multivane type fan for these tests. 
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of the pile, with the result that the upper part of the compartment 
stores more heat than the lower part. 

Although the temperature was not uniform throughout the stor- 
age compartment, (see Fig. 1) it was found that thermocouples placed 
at selected points within the compartment gave a fairly reliable indi- 
cation of the amount of heat stored. During the charging period, 
these thermocouples, being surrounded by air, indicated temperatures 
somewhat above the actual temperature of the rocks; while during 
discharge periods the opposite was true. When due allowance was 
made for this variation, this method of determining the amount of 
heat charge was found to be satisfactory. 

IMPORTANCE OF INSULATING THE STORAGE UNIT 

The heat escaping from a storage unit is an important factor in 
determining the operating efficiency of the heating system. During 
cold weather, most of this heat escaping into the basement is useful 
in warming the floors above, but during mild weather it not only 
constitutes a waste, but may seriously interfere with proper control 
of the room temperatures. 

With dampers carefully fitted in the closed position in order to 
avoid heat losses through the ducts because of circulation induced by 
“stack action,” tests were made to determine the normal losses 
through the walls of the storage unit. Preliminary tests were run on 
the storage unit with three inches of Mineral Wool as insulation. 
Thfcn four inches of Unifill was applied outside the tile enclosure and 
the tests were repeated. 

In Table 1 are shown the results of these tests indicating the 
value of the added insulation in reducing radiation losses from the 
storage unit. The loss by “stack action” through the ducts represents 
a considerable part of the total loss. 

TEMPERATURES DURING THE OPERATING CYCLE 

In Figure 1 are shown the temperature variations at various point.< 
in the storage unit during three cycles of daily operation when the 
daily use of heat nearly balanced the input. Temperatures in the walls 
and top are seen to remain fairly constant, while temperatures in the 
center of the pile vary with the progress of the heating cycle. Figure 
2 shows the charging part of the cycle prolonged until temperatures 
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Table 1. 

Heat Loss From Experimental Heat Storage Unit 

Storage Stored Kw. Watts/ Kw loss % of total heat lost % of Eff. heat lost 

Tem F Kwhrs Input Deg F at 500° F per hr at 500® R per hr. at 500° F. 
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Decrease of radiation loss — 6.36 — 303 = 3 33 watts/de^ F, or 100 X 636 = 52.4 of original radiation los.s. 




FiK- J Daily variation of temperature in experimental heat storage unit in use during 
average winter weather 



Hours Froa Start of Charging. 

Fig. j. Showing the building up of the initial charge of stored heat, the radiation 
losses, and the heat capacity of the experimental storage unit. 











became approximately stable. When this condition obtains, the losses 
are equal to the heat input which can be accurately measured. 

DAILY HEAT DEMANDS ON THE HEAT STORAGE UNIT 

In evaluating the performance of this experimental heat storage 
system, it was necessary to estimate at regular intervals during the 
daily cycle the amount of heat remaining in storage. The heat stored 
at 6 a.m., 12 n., 8 p.m., and 12 m. was estimated from the tempera- 
tures recorded and coordinated with the kwhrs. charged in, the esti- 
mated losses, and the heat removed. As mentioned previously, the 
average of temperatures measured at the selected points in the stor- 
age material probably does not represent the average temperature 
in the storage compartment throughout the heating»cooling cycle. 
However, the average of temperatures measured at 12 n., when the 
conditions were more likely to remain steady, probably were fairly 
close to the true value. From the charging curves of Figure 2 and 
from calculations of the heat storage capacity of the weights of rock 
and brick used, the heat stored at 12 noon of each day was estimated 
and coordinated with the heat charged in and the heat removed to 
estimate the performance of the heat storage unit. 

In Figure 3 are shown the estimated quantities of heat stored at 
12 n. of each day’s test. Since the stream of air issuing into the mix- 
ing chamber is always 50® to 70® lower in temperature than the stor- 
age material, there is a minimum temperature at which the rate of 
heat transfer to the air becomes inadequate to successfully heat the 
rooms. This minimum temperature is about 165® F. so that, in the test 
unit employed, a minimum charge of about 70 kwhrs, had to be ac- 
cumulated before stored heat could be satisfactorily furnished to the 
house. From the data shown in Figure 2, the idle losses at various 
storage and temperature levels are estimated in Figure 3. At the 
minimum useful storage level, the idle loss from the storage compart- 
ment was about .55 kw. During mild weather, this alone would be 
sufficient to heat the test house comfortably.* 

HOUSE HEATING TESTS WITH THE STORAGE SYSTEM 

An extended period of practical operation of this heat storage 
system was begun on January 15, 1936, and a long continued cold 
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I'ig. Shows the quantity of heat stored and radiation losses of experimental heat 
storage unit at various storage temperature levels. 

snap in February offered an excellent opportunity for testing the 
system under severe weather conditions. Two very cold periods were 
experienced on February 7-9 and February 13-19, the minimum tem- 
peratures dropping to around -8® to -15® F. The mean temperatures 
during the period occurred conveniently to arrange the daily tests 
in tnree groups of progressively colder days. These periods are repre- 
sentative of mild, normal, and severe winter weather in the Pacific 
Northwest. A fourth period in March was representative of the late 
fall and early spring days. 

In conducting the house heating tests, a uniform schedule of 
operations was adopted to conform to the usual domestic heating pro- 
gram followed in houses equipped for automatic control of the heating 
plant. The fan, under control of a time switch and room thermostat, 
was started heating up the house at 5 to 7 a.m., and was turned off 
at 10 to 12 p.m. daily. In most of the tests, the storage system as- 
sumed the full burden of heating up the cold house in the mornings, but 
was assisted during the day by heat from an auxiliary unit heater in the 
basement and from domestic operations. The fan, after being started 
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by the time switch, operated continuously until interrupted by the 
room thermostat when the rooms came up to temperature. During 
the day, room temperatures were maintained at a fairly constant level 
bv the room thermostat. The storage oven was recharged during a 
10-hour assumed ofT-peak period from 8 p.m. to 6 a.m. under control 
of a time switch and the oven thermostat. During the period February 
9-20, the room thermostat was “set hack” to 60° F. from 10 p.m. to 
5 a.m. and the system operated continuously under control of the 
room thermostat, following the practice used in many furnace-heated 
homes with automatic control. 

Readings of the house service meter to ascertain the total kwhrs. 
used in the house and of a meter measuring the kwhrs, introduced into 
the storage oven were recorded each day. Another watt-hour meter 
was connected to measure the energy used by the fan motor Several 
times during each day and particularly at 8 p.m., before the oven 
heaters were turned on, and af 6 am., before the fan was turned on, 
readings of the oven thermocouple indications were recorded. A 
recording voltmeter w'as used to make a continuous recc^rd of the 
heater and fan operation, recording the time during which energy 
was introduced to the storage heaters and the time the fan motor was 
in operation. During the heating-up periods in the mornings and at 
intervals during the day the indications of several glass thermometers 
hung in the rooms were recorded A recording thermometer placed 
at an inside wall of the living room provided a continuous record of 
the room temperatures. A recording humidigraph was used to record 
the room humidity. 

During the period of the tests, the basement was utilized as a 
laboratory, workshop, and office. Although the basement was well 
built with air leakage at a minimum, it was necessary to use a 3 kw 
unit type heater to provide heat in addition to the losses from the 
storage unit to maintain a temperature of 65° to 70° F A large part 
of this heat as well as the heat escaping from the storage unit was 
useful in warming the floors of the rooms above. This heat rising 
through the floor contributed to the total heat used in the house dur- 
ing each day and, of course, reduced the demand on the heat storage 
unit by a proportionate amount. 

To obtain as much data as possible within the limited time avail- 
able for the tests, the storage unit was operated at random at various 
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internal temperatures ranging from 165® to 570° F., the level being 
determined more or less by the heat demand during the previous day 
and the charging rate employed The storage heaters were operated 
about 10 hours during the very cold weather and 8 hours or less dur- 
ing mild weather. Charging rates of 10, 7.5, 5.2, and 3 kw. were used 
as desired, but occasionally, in order to reduce the temperature level, 
the storage unit was not recharged during the night. At times, how- 
ever, it was necessary to use a higher charging rate for a day or two 
in order to raise the temperature level when the weather was very 
severe or when the storage level approached the useful minimum. 

In tables 2, 3, 4, and 5 are summarized the heat consumption data 
obtained from these tests. Since electrical energy was used entirely, 
it is convenient to use the kwhr , which is equivalent to 3415 B T.U.’s 
per hour, as the unit in speaking of quantities of heat Because the 
various meter readings were taken faithfully at noon of each day, and 
only occasionally at midnight, these data embrace the period from 
noon to noon of each day. An estimate of the percentage of the total 
effective heat derived from domestic uses, stored heat, and demand 
heat from unit heaters is shown during weather of increasing severity 
Domestic consunii)tion was estimated from tests made on several 
special test houses. Practically all of the kwhrs used for domestic 
purposes appeared in the house as useful heat, with the exception of 
part of the heat in hot water which escaped down the drain. In addi- 
tion, there was a contribution of about 150 watts from each person 
in the room, which was not taken into account The total amount of 
heat used per day is generally considered to be proportional to the 
mean temperature deficiency from 65° F during the 24-hour period, 
or to the degree-days per day ‘ The index “kilowatt hours per degree- 
day” w^as fairly uniform during each period and slightly lower for cold 
weather because the basement was inadequately heated. 

The estimated total heat utilized in the test house each day is 
shown in Figure 4. During the cold weather, the basement was par- 
tially heated by a small fan type unit heater to maintain comfortable 
working conditions, and the bathroom was heated at times during the 
night by a small static type heater. Consequently, at such times, all 
of the heating requirements of the house were not furnished from the 

’ The degree-day is a term m common use in heating practice to indicate the deficiency 

of the mean daily temperature from an average room temperature of 65° F 
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Table 2. 

Daily Heat Consumptioii of Test House During Early Spring Weather. 
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Table 3. 

Daily Heat Consumption of Test House During Mild Winter Weather. 
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Table 4 

, Daily Heat Consumption of Test House During Normal Winter Weather. 
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Table 5 . 

Daily Heat Consumption of Test House During Severe Winter Weather. 
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Mean Xeaperature Deficiaacj From 66 Degraes Fahranhait. 

Fig. 4. Daily use of heat in the teat house as affected by outside temperature. 

Storage unit since a large part of the basement heat eventually found 
its way upstairs. During the mild period in March and two days in 
February, only storage heat was used, with no additional heat in the 
basement. The dashed line on the chart indicates the heat require- 
ments of the house without other additional heat. Domestic use of 
electricity is seen to account for a considerable portion of the day’s 
heating requirements. 

In most of these tests, the storage unit furnished about 50% of 
the total heat used in the house instead of 80% as would generally be 
found in practice. Domestic uses furnish approximately 20%. (See 
Tables 2, 3, 4, and 5.) 

The lower set of test points in Figure 4 show the estimated daily 
use of stored heat, which is the sum of the “idle losses” from the 
storage and the heat removed by the fan. It was estimated that about 
75% of the heat escaping to the basement was effective in warming 
the floors of the rooms above. A plan for utilizing a minimum size 
storage unit is suggested by the results shown in Figure 4. Stored 
heat could be used to furnish all of the heating needs of the house 
for days of 50 degree-days or less, with unit heaters or fuel-burning 
stoves used to supplement the storage in very severe weather. 
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PERFORMANCE OF STORAGE SYSTEM IN HOUSE 
HEATING 

In Figure 5 is shown a composite chart of the operation of the 
heat storage system during the cold weather experienced from Febru- 
ary 10 to February 20, 1936. Operation of the fan is recorded by the 
black dashes in the center of each chart. The storage level and tem- 
perature levels at 6 a.m., 12 n., 8 p.m., and 12 m. show the trend of 
conditions in the storage reservoir. The short inclined lines represent 
the introduction of heat during the charging period, their slopes being 
proportional to the charging rate employed at that time. Room tem- 
peratures and outside temperatures during the period are shown at the 
bottom of the charts. 

The amount of heat accumulated by charging for 10 hours at the 
rate of 5.5 kw. was not sufficient during this period to restore the 
heat drained out by the fan and by idle losses during the off period 
of the heaters. The downward drift of the temperature continued 
until the minimum useful storage level was approached. The decrease 
of the rate of heat transfer from storage to rooms as the storage 
temperature decreased caused the fan to be operated longer during 
each period. Raising the storage temperature level by increasing the 
rate of charging increased the margin of useful heat and made pos- 
sible a higher house-heating rate. 

The performance of the heat storage system during each of the 
daily tests is summarized in Tables 6, 7, 8, and 9. The time required 
to bring the room temperatures up to 72® F., at which point the room 
thermostat operated to shut down the fan, depended upon the outside 
weather conditions at the time, the temperature rise to be accom- 
plished, and rate at which heat was transferred from the storage to 
the room. The longer heating-up times shown in the tables resulted 
when the rate of heat transfer was but little greater than the rate of 
heat loss from the room at the normal room temperature. At such 
times, the air temperatures in the room rose to the normal somewhat 
slower than was usual, and the wall temperatures, which controlled 
the action of the thermo.stat, lagged considerably, thereby prolonging 
the initial operation of the fan. 

The total daily running time of the fan was influenced by the 
severity of the weather, the rate of heat transfer, and the use of auxil- 
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Fig. 5. Composite chart showing the operation of the storage heat sj stem during cold weather. 



Table 6 

Daily Performance of Heat Storage System During Early Spring Weather. 
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Table 7. 

Daily Performance of Heat Storage System During Mild Winter Weather. 
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Table 8 

Daily Performance of Heat Storage System During Normal Winter Weather. 
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Table 9. 

Daily Performance of Heat Storage System During Severe Winter Weather. 
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iary heat. The low rate of heat transfer obtained in most of the tests 
was due to the difficulty of forcing a sufficient quantity of air through 
the storage unit and duct system wnth a limited temperature rise. 
This was possibly due to the small ducts employed, the limited air 
capacity of the ventilatinj» fan, and the resistance of air flow through 
the rocks. The rate at which heat escaped from the storage during 
idle periods of the fan was proportional to the average storage level 
during the 24-hour period. 

During the colder weather (See Table 9) the rcjom thermostat 
was “set back” to 60° F , allowing the fan to operate during the night 
and reducing the temperature rise to be accomplished the next morn- 
ing. In the spring period (See Table 6), bright sunshine contributed 
considerable heat each day, decreasing heat losses from the house, 
so that the fan was in operation at less frequent intervals Also, the 
unavoidable leakage of heat from the storage unit during idle periods 
of the fan helped to maintain the room temperature during the warmer 
lieriods of the day. 

With the exception of the fairly long periods required to bring 
the house to normal temperature in the mornings because of the low 
heating rates (d)tained, the rooms of the test house were maintained 
at a comfortable temperature .*\ thermostat with a dififerential of 2° 
F was used to control the fan operation, and charts taken from a 
recording thermometer in the living room showed very little variation 
from 72° F, Heat escaping from the storage unit into the basement 
served to keep the floors much warmer than those of other houses 
without basements Relative humidity in the rooms was controlled 
at about AOVr by a centrifugal vaporiser. 

POWER DEMAND WITH HEAT STORAGE AND UNIT 

HEATERS 

The maximum rate of 10 kw. for charging the storage unit com- 
pares with the 12.5 kw. connected heater capacity w^hich was used for 
direct heating all the other houses of the same size in Mason City. 
The heat loss from the test house was calculated^ to be 9 kw. at 0° F. 
outside temperature, and the minimum rate for heating up from a 
cold condition within a reasonable length of time was approximately 
11 kw. 
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In practical operation, the charging period for the storage unit 
can range from 12 to IS hours instead of the 10>hour period arbitrarily 
chosen for the tests, depending upon the prevailing load conditions on 
the distribution system. The longer the charging period, the lower 
would be the charging rate necessary to accumulate a sufficient charge 
of heat and the lower would be the peak demand of the individual 
house on the system. On this basis, the maximum demand with the 
storage system of heating would be approximately 75% of the maxi- 
mum demand where direct heating is employed, depending upon the 
severity of the weather, the temperature rise to be accomplished, and 
the acceptable time limit for attaining normal room temperature. 

ENERGY CONSUMPTION WITH STORAGE AND UNIT 

HEATERS 

During the period of the storage heating tests, the daily con- 
sumption of the other three- and four-room houses in the camp was 
also being noted. Table 10 presents a comparison of the daily energy 
consumption of the B type test house and of the average consumption 
of the other specially insulated B houses,^ the standard B houses, and 
the C houses. Because of the basement, the consumption of the test 
house would be expected to be somewhat higher than the first group. 
Over long periods of time, the test house consumption using storage 
heat was about equal to that of the standard B houses. The daily con- 
sumption of the houses heated with unit heaters is seen to vary 
roughly with the degree-days or severity of the weather. With the 
storage device it was possible to carry the test house through a few 
cold days without increasing the daily use of energy. The fact that 
energy need not be drawn from the line currently with the demand for 
heat is a desirable feature of the storage heating method. 

The effect on the individual house load curves of using power 
during the off-peak periods is indicated in Figure 6. A is a load curve 
of a representative B type house for a day of about 45 degree-days 
severity. A heavy peak load is thrown on the system about 6 a.m. to 
heat up the cold house, and energy is taken at irregular intervals and 
at varying rates during the day, with a peak in the early evening hours. 
Domestic uses and intermittent heating combine to make up the load 
curve shown. B is a load curve of the storage heated house for the 
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Table 10. 

Daily Energy Use of Storage and Unit Heated Houses. 




j Kilowatt-hours 

Dat« 

I Degree 
Days 

Storage 

Heated 

B House 

Average of 
Insulated 

B Houses 

Average of 

B Houses 

Average of 

C Housese 

Jan. 16-21 

34 

79 

75 

93 

118 

22-28 

37 

1 137 

74 

i 102 

124 

29-30 

47 

! 146 

96 

115 

146 * 

31 

4754 

154 

102 

125 

164 

Feb. 1 

4954 

154 

103 

126 

161 

2 

4954 

154 

102 

121 

161 

3 

47 

178 

99 

121 

158 

4 

44 

179 

100 

116 

149 

S 

4554 

161 

98 

124 

151 

6 

4154 

39 

100 

118 

150 

7 

5754 

126 

141 

165 

215 

8 

641/^ 

185 ! 

144 ! 

166 

207 

9 

S9y2 

187 

133 

158 

206 

10 

52 

193 

131 1 

155 

195 

11 

45 i 

186 

88 

110 

145 

12 

43 

129 

123 

143 

175 

13 

szy 

138 

120 

146 j 

184 

14 

61 

139 

135 1 

157 

195 

IS 

63/2 

133 

126 

160 

209 

16 

64/ 

134 

132 

162 

206 

17 

61 

144 

128 

157 

197 

18 

50 

158 

122 

145 

186 

19 

50/ 

166 

114 

146 

184 

20 

52 

162 

115 

135 

175 

Average 

46 

137 

103 

124 

156 

Mar. 8-15 

1 

22 

69 

1 

58 

71 

91 

16-23 

20 

66 

56 1 

69 

88 


same weather conditions. During the night hours a steady charging 
load is drawn from the line at a lower rate than the maximum used 
to heat the cold house of A. The load curve during the day is the 
usual domestic load drawn by houses with a moderate equipment of 
electrical appliances, and a small amount of supplementary heat from 
unit heaters. 
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COMPARATIVE EFFICIENCY OF HEATING SYSTEMS 

The control exercised over temperatures in the rooms affects the 
efficiency of any heating system to a considerable extent. If rooms 
are heated above the temperature necessary for comfort, the losses 
arc increased, and the occupants frequently open windows or doors to 
regulate the temperature The total heat consumption during the day 
is consequently higher than if the temperatures had been held at a 
reasonably steady value Automatic control of temperature is gaining 
in favor because it adds to the comfort, convenience, and efficiency 
to be obtained from a heating system. 

The efficiency of fuel burning domestic heating systems is con- 
sidered to be the overall efficiency of the fuel combustion equipment, 
and commonly ranges between 25 and 60 %. The efficiency of direct 
electrical heating, on the other hand, is 100% since the electrical 
energy is changed into heat by a perfect conversion process within 
the space to be heated However, the heat generated may be lost or 
wasted in many ways, so that the overall effectiveness of application 
of the heat to the room is an uncertain quantity depending upon loss 
thrtmgh open doors and windows, the control of temperatures in the 
room, and the varying habits of occupants 

OInly useful heat should be considered in estimating the efficiency 
of a heating system, i c heat which is useful in maintaining comfortable 
temperatures in the living areas during periods when they are occu- 
jiied. This includes not only the heat which warms the air in the 
rooms, but that which warms the floor, walls, partitions, ceilings, and 
furnishings of the rooms, thus reducing the transfer of heat from the 
air to the surrounding surfaces. When the house is unoccupied for 
periods of several hours duration, heat used to maintain the normal 
temperature is not useful in promoting human comfort and is con- 
sequently of little utility, except for maintaining wall and floor tem- 
peratures and in preventing freezing temperatures in the house in 
very cold weather Much waste of this sort is unavoidable. 

In fuel burning systems, a fire is usually kept burning for about 
16 hours during the day and allowed to go out at night except in 
very cold weather During the heating period of the day, heat is 
radiated from the furnace in the basement at varying rates, but most 
of this heat rises through the basement ceiling and warms the floors 
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of the rooms above. During the night, usually, the radiation loss is 
greatly reduced since fires are banked or allowed to go out. 

The desirability and importance of good control over the leakage 
of heat from the storage unit is apparent, especially in mild weather 
with the accompanying infrequent and short periods of heat demand. 
In cold weather, when heat is required throughout the occupied 
periods each day, however, heat escaping from the storage unit is not 
objectionable, since for the most part, it takes the place of an equiva* 
lent amount of heat supplied through the ducts. 

The conversion of electrical energy to heat in a heat storage 
device is 100% at the time heat is being released in the storage com- 
partment. While being held there in readiness to heat the house, 
however, an unavoidable leakage is continually taking place, the rate 
depending upon the design of the storage unit, the internal tempera- 
ture, and the amount of insulation built around the compartment. This 
loss is similar to the heat radiated from a furnace, except that furnace 
losses are present only when fuel is being burned, while leakage from 
the storage unit takes place continuously. With storage units located 
in the basement, most of the heat radiated to the basement finds its 
way through the floors to the rooms above. Some of this heat, in 
either case, is lost by transmission through the walls and floor of the 
basement, and therefore serves no useful purpose. Also, during the 
hours of retirement at night, the continual loss of heat from a storage 
unit represents an actual loss, since it does not necessarily further the 
comfort of the occupants. In very cold weather this loss becomes of 
some use in avoiding freezing temperatures in the house and in de- 
creasing the temperature rise to be accomplished the next morning. 

The overall efficiency of the experimental heat storage system 
during normal winter weather was estimated, following the above con- 
siderations, to be 95 to 98% as compared to the 100% efficiency for 
space heating with unit heaters. 

REQUIREMENTS OF SATISFACTORY ROCK STORAGE 

SYSTEMS 

A storage heating system of the type described in this bulletin 
should be capable of furnishing the full heating demands of the house 
in which it is installed, with a degree of comfort and convenience equal 
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to that of other automatic heating systems during the coldest weather 
of the heating season. The heat should be delivered to the rooms at 
a maximum rate sufficient to raise the temperature from a night level 
of about 60* F. to normal in a short time in the most severe weather. 
The heating-up time will vary with individual preference from one- 
half to one hour. 

It should be possible, by means of simple adjustments, to decrease 
the rate of heat delivery to meet the needs of the milder periods of the 
heating season. Room temperature can be more evenly controlled by 
a thermostat when the rate of heat input is but little greater than the 
rate at which heat escapes from the house. The temperature of the 
air issuing from the registers should be controlled within the range of 
120® to 180® F, to obtain the necessary heating rates without causing 
discomfort due to the contrast between the current of hot air and the 
relatively cooler slow-moving air in the rooms. 

A storage system using hot air as the heat transmitting medium 
is adaptable to the inclusion of standard air conditioning features 
such as air washing and humidification, etc. The inherent advantages 
enjoyed by users of electrical heat with unit heaters are obtained also 
with this electrical storage system, which includes some of the added 
advantages of the hot air system. 

Sufficient heat must be held in a practical storage unit at a reason- 
able temperature to supply the house for one day of the most severe 
weather expected at the location. Normal room temperature is usually 
maintained for about 17 hours with a lower temperature being main- 
tained at night. Storage of more than one day's supply is unnecessary 
since it involves greater losses at the higher temperatures or requires 
a larger volume of storage material. The service rendered by the 
present day utilities is sufficiently reliable to preclude the possibility 
of extended service interruptions. The amount of heat which will be 
used in a day of severe weather will depend upon the size and con- 
struction of the house, the amount of insulation used, the means em- 
ployed to control infiltration, the wind velocity and exposure, and the 
difference of temperature between the rooms and the outside. The loss 
of heat from a house under various weather conditions can be esti- 
mated by well known methods.* 

* See American Society of Heating and Ventilating Engineers Guide. 
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During extremely cold weather, it may be desirable to use auxil- 
iary heat from small unit heaters or small gas or coal stoves to 
supplement the storage system, particularly during the morning pick- 
up period. A properly designed heat storage system, however, should 
be capable of distributing ample heat throughout the house to main- 
tain comfortable temperatures without assistance. The use of auxil- 
iary heat should be avoided as much as possible for greater conveni- 
ence in operation and because of the possible higher rate per kwhr. 
charged for demand heat. 

SIZE AND CONSTRUCTION OF HEAT STORAGE UNITS 

The size of rocks to be chosen for the storage material of a rock 
heat storage unit should be neither too large nor too small. If too 
large, the possible rate of extraction of the stored heat with prolonged 
operation will be slow, while if they are too small, the air passages 
through the pile will be restricted, which again will retard the extrac- 
tion of heat by resisting the flow of air Sizes between 3 and 6 inches 
in diameter seem to be most suitable. The rocks should be carefully 
packed to give as high storage capacity in the encb>sed volume as 
possible, but at the same time, care should be exercised to provide 
sufficient void space for the necessary \olume of air to flow through 
without undue resistance. Rocks of the size used in the experimental 
storage unit (3 to 6 inches in diameter) can be piled, including the 
necessary space for distributing ducts and heater elements, with a 
space factor of about 85 9?. That is, the mass of solid material will 
occupy 85% of the enclosed space with 159^ being occupied by air. 
The volume necessary to enclose the amount of storage materials 
required to store the necessary quantity of heat can thus be roughly 
estimated. 

The upper limit to the storage temperature is determined by the 
ease of control of the mixing of the stream of hot air through the 
storage unit with the cold air by-passed around the unit, as well as by 
the proportionately higher losses that occur at very high temperatures. 
Figure 7 shows the volume mixing relations required to control the 
temperature of the air sent to the rooms at different temperatures. 
More uniform control will be obtained when mixing about equal vol- 
umes of hot and cold air, than when a large quantity of cold air is 
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required to temper a small quantity of very hot air A maximum tem- 
perature of about 500® F. will allow satisfactory regulation of the duct 
temperatures with simple automatic damper control arrangements. 



Fig 7 Showing the practical range of temperatures which may be employed in the 
air tnixing chamber in order to assure correct air temperatures at the registers 


The necessary charge of useful heat for a day’s heating must be 
stored in the material above a temperature of about 165® F. At this 
temperature, air flowing through the storage material will emerge at 
about 120° F., which is about 20® below the usual temperatures of air 
at the registers of hot air heating systems. A minimum charge of 
heat, depending upon the volume and specific heat of the storage 
material used, must first be accumulated in the unit, the quantity of 
useful heat to care for the day’s heating needs being stored above this 
level. 

The length of the oflf-peak period, which will vary with the system 
loading from possibly 10 to 18 hours per day, will have a bearing on 
the size of the storage unit and on the use of auxiliary heat. The 
minimum charging time of 10 hours can occupy one continuous period 
during the night, while longer charging times will make necessary one 
or two shorter periods during the day, which will usually be staggered 
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at the will of the utility to avoid the system peaks. During the day- 
time periods, a portion of the heat generated by the heating elements 
can be made immediately useful as demand heat in heating the house. 
The required storage capacity of the storage unit can therefore be 
lower by the proportion of the day*s heating requirements drawn dur- 
ing these periods. 

The amount of useful heat stored at the maximum temperature 
will be in proportion to the volume of the storage material, and the 
loss of heat by radiation from the sides of the enclosure will be 
in proportion to the exposed area. The shape of the enclosure should 
approximate a cube since the surface from which radiation losses can 
occur will then be a practical minimum The volume of storage 
material used may be the minimum quantity that will store a supply 
of heat for the needs of the coldest day between the limits of 165® 
and 500® F. 

Because of the relatively high storage temperatures, a large “heat 
head” is set up which will cause considerable loss of heat by convec- 
tion if there are openings or small cracks in the upper portion of the 
enclosure. Therefore, the cold and, hot air ducts should be led into 
the storage unit from the bottom to form a natural heat trap. This 
arrangement will make for better control of high temperature air 
during operation as well as reduce the loss of heat during idle periods. 

The movement of air through the storage material causes a drift 
of heat from the cold air entrance to the hot air exit. The higher 
temperatures at the exit end of the test storage unit caused a greater 
heat loss by radiation than in the other regions. For this reason, it 
is suggested that the hot air he removed from the storage unit at the 
center of the bottom of the pile and the cold air introduced around 
the sides of the bottom. The hottest portion would then be kept in the 
center of the pile, and the sides would be cooler, thus reducing the 
loss of heat by radiation from the storage unit. (See Figure 8). 

The amount of insulation to be placed around the storage unit 
will be determined by the economic balance between the investment 
in insulating material and the value of the heat saved which would 
otherwise be wasted during periods when heat is not required in the 
house.® Because of the higher temperatures at the top of the storage 
space, more insulation should be provided on the top than on the 
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sides. In addition, it will be desirable to place ample insulation on 
the hot air pipes to minimize loss of heat to unused spaces. The im- 
portance of sufficient insulation around the storage unit should be as 
evident as is the importance of the insulation of the house itself in 
conserving heat. The higher price of electricity compared to that of 
common fuels tends to emphasize the necessity for efficient use of 
the heat. 

The design of the air passages in the storage unit and of the hot 
and cold air ducts should conform with good heating and ventilating 
practice. The velocity of air in the storage unit and ducts should be 
limited to about 500 feet per minute and to 300 f.p.m. at the hot air 
registers to minimize noise due to the air flow. The necessary cross- 
section of air ducts and passages will be determined by the volume of 
air required to transfer heat at the maximum desired rate with the 
permissible temperature rise. The ventilating fan should be of suffici- 
ent capacity to force an ample quantity of air through the storage unit 
to attain the necessary maximum rate of heat transfer, without exceed- 
ing the temperature range of 120® to 180® F 

The tempering of the very hot air from the storage unit with 
cold by-passed air should be controlled to give mixed temperatures of 
120® to 180® F, depending upon the severity of the weather and the 
heating rate desired. When a minimum amount of the storage material 
is used, the temperature level in the storage unit will vary throughout 
most of the usable range during severe days, so that automatic control 
of t’ne mixing is very necessary (See Figure 7). A simple vane 
damper at the junction of the hot air pipe from the storage unit and 
the by-pass pipe, controlled by a bimetallic element in the hot air 
stream, will be sufficient to properly control the mixed air tempera- 
ture. Since the resistance of air flow through the storage unit is much 
greater than through the by-pass, a damper should be provided in the 
by-pass pipe to aid in controlling the flow of air through the storage 
unit Another damper, in the cold air return pipe, controlled from the 
living quarters, should be provided to regulate the quantity of air 
passing through the system and provide rough regulation of the 
heating rate. 

The heating elements should be of high quality, ruggedly built 
and well supported, and provision should be made for withdrawing 
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them for inspection and repair. They should be capable of withstand- 
ing temperatures of about 1000® F. which will exist in their vicinity 
during charging, and should be divided into sections which, with suit- 
able controls, will furnish, say, 25%, 50%, 75%, and 100% of the 
maximum connected capacity. This range of charging rates, under 
control of the householder, will enable full advantage to be taken of 
the off-peak periods of the system with the minimum demand con- 
sistent with the daily heat requirements. A simple control panel 
should be provided for contactors, heater control switches, and time 
switches, necessary for the proper control of the heating equipment. 
The thermostat used for controlling the storage temperature should 
be calibrated so that it could be set at will at predetermined tempera- 
tures for seasonal control of the storage heat level. 

SUGGESTED DESIGN OF PRACTICAL STORAGE UNIT 

A typical heat storage unit for use in a home of size and con- 
struction similar to the test house in Mason City is shown in Figure 
8. The base of the unit may be formed of pre-cast insulating concrete 
with intake and outlet air ducts incorporated. If the unit is placed on 
the first floor level, rather than in the basement, the insulated side 
walls can be finished to serve as part of the walls of the rooms sur- 
rounding it. In such a plan, all of the heat escaping from the storage 
unit will he delivered into the adjacent rooms. 

According to Figure 4, the daily consumption of the test house 
in weather of 65 degrees deficiency was 135 kwhrs. Allowing a margin 
of 15 kwhrs. for unusual demands, the unit should have a storage 
capacity of 150 kwhrs, of useful heat. 

From the tests it was found that .0065 kwhrs. of heat could be 
stored in each cubic foot of the storage unit per degree F. temperature 
rise. Therefore, the storage volume required to store 150 kwhrs. of 
heat between the limits of 165® to 500® F. would be: 

Volume = 150 kwhrs. 

.0065 

= 68.5 cu. ft. 

The overall size of the heat storage material is about 68.5 or 70 
cu. ft. or a cube of about 4.1 feet on each side. A double brick wall 
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Fig. 8 Suggested design of a heat storage unit for practical off-peak storage heating 
of a small home using rock and brick as the storage medium. 


with an air space between is provided to enclose the rocks. The cold 
air from the return pipe flows through this air space, making use of 
the counterflow principle to reduce the temperature at the outside of 
the storage space, which will aid in reducing the idle losses. The 
heated air is removed from the center of the foundation block, thereby 
maintaining the region of highest temperature in the center of the 
storage space. 

The brick retaining wall may be of common brick laid with a 
thin mortar of fire clay to minimize possible cracks permitting leakage 
of hot air under high temperature heads. A homogeneous cap of in- 
sulating concrete over the pile of rocks forms a firm support for the 
top layer of insulation as well as reducing leakage of air and providing 
additional insulation. Six inches of a loose fill type insulating material 
such as Unifill or Zonolite which is fire proof and vermin proof was 
calculated to be an economical thickness for the insulating layer. This 
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amount of insulation allows a loss of about .8 kw. at 50D® F. (See 
Fig. 9). Outside walls of 4 inch hollow tile for retaining the loose 
insulation layer also serve as additional insulation, making the outside 
dimensions about 6'-6" each way. With this construction, the losses 
fiom storage by conduction and leakage of hot air will be controlled 
to a low value. 

The heating elements are arranged to be slipped into slots in the 
pre-cast base block with a grid of iron bars above them to support 
the rocks and allow free circulation of air. Five 2 kw. elements are 
provided, each controlled by a hand-operated switch. One element is 
arranged to be controlled along with the fan by the room thermostat 
to provide demand heat in mild .spring and fall weather when but little 
heat is needed or during the “on-peak” hours of very severe winter 
weather to assist the storage The heaters being located at the outlet 
end of the system would make ppssible the delivery of the heat 
directly to the rooms when the fan was in operation. 

SEASONAL OPERATION OF HEAT STORAGE SYSTEMS 

In operating this storage heating system through the heating sea- 
son, a schedule of operation such as shown in Figure 9 could be fol- 
lowed. For the occasional cool days of late summer, the demand unit 
could be utilized under control of the mom thermostat. It would 
thereby not be necessary to maintain a store of heat through possible 
periods of warm weather of several day.s’ duration in order to have 
heat available for the cool days When the days begin to be uniformly 
cool, one of the 2 kw. heater units could be connected for ofF-pcak 
operation, the storage thermostat being set to cut off the electricity 
when the internal temperature reached 250*" F. The dampers could be 
adjusted to obtain a low rate of heat flow to the rooms as desired 
for uniform temperature regulation The room thermostat, by control- 
ling the operation of the fan, would then maintain the required room 
temperature. 

As the season advanced, the days becoming colder, additional 2 
kw. units could be connected for off-peak operation, the storage 
thermostat cut-off point could be advanced, and the heating rate in- 
creased by adjusting the dampers to permit the flow of more air 
through the system, During the severe weather of midwdnter, a maxi- 
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I'lK () Suggested program of seasonal operation of a practioal storage heating system. 

rnum uf 8 kw could be connected for charging; the storage unit, the 
storage thermostat could be set at 500® F and the dampers adjusted 
for the maximum rate of heat delivery During this period, it would 
be possible, if necessary, t<> operate the 2 kw demand unit during 
extremely cold periods under control of the room thermostat to assist 
the storage. \s the weather became less severe in the spring, the 
procedure would be reversed, disconnecting heater units, lowering the 
storage thermostat cut-olT temperature, and reducing the flow of air 
through the system For the occasional cool days of late spring, the 
demand unit could again be connected under control of the room 
thermostat when heat was desired, allowing the storage material to 
cool 

By following the program of operation described abov e, the house- 
holder would be assured of a plentiful supply of heat to carry his 
household through one day of the currently expected weather. This 
would avoid maintaining a relatively large quantity of unused heat in 
storage from day to day, with the proportionately higher rate of heat 
loss at the higher storage levels. Better control of the room tempera- 
tures would be obtained, and the seasonal efficiency of the heating 
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system would be maintained at a high value. This sequence of opera- 
tions, while requiring several adjustments to be made to the heating 
equipment, could be readily accomplished by the average householder 
by following specified directions. Such a heating system would afford 
all of the advantages of full automatic operation and provide comfort- 
able and healthful domestic heating, with the possibility of incorporat- 
ing winter and summer air conditioning features. 
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Precipitation Hardening of A Magnesium Alloy 
Containing Eight Per Cent Aluminum 


James G. McGivern and Clinton A. Wilkinson 
I. Introduction 

In the past few years considerable attention has been centered on 
magnesium and magnesium alloys as materials of engineering, but the 
possibilities of varying and controlling their physical properties by 
various heat treatments has not received the attention it deserves. The 
purpose of this paper is to give the results of an investigation on the 
heat treating characteristics of an extruded alloy containing 91.8% 
magnesium, 8% aluminum and 02% manganese. For this work hard- 
ness was used as the index of change in physical properties and the 
technique of hardness testing is described. Inasmuch as the observed 
structural changes accompanying the change in hardness do not in- 
dicate that the mechanism of precipitation hardening is similar to that 
reported for other metals a discussion of this phenomenon is included. 

IL Testing Procedure 

The experiments were carried out on five-eighths inch diameter 
extruded rods furnished by the Dow Chemical Company. The hard- 
ness readings were taken on the Rockwell Hardness Tester which re- 
cords the difference between a constant value and the depth of im- 
pression of a steel ball under a definite load. This constant minus 
the depth of impression is called the Rockwell number and is read 
directly on the dial. To insure a sufficient range in hardness values 
a ball and a one hundred kilogram load were used and the read- 
ings called Rockwell E readings were read on the C scale. Five read- 
ings were taken along the periphery and the hardness readings re- 
ported are those taken on the curved surface of the rods and by use 
of Fig. 1 these numbers may be converted to corresponding values 
taken on a flat surface. Duplicate runs were made for all curves given. 


5 




/^OCKi4^£lL '£" OA/£l/iT SU/Q/^CE 

Fig. 1. Relation between eurved Nurfaee ami flat surface hardness readings for 
five 'eighths inch diameter rod. 

Ill, Principles of Precipitation Hardening 

Magnesium can retain under equilibrium conditions 11% of alumi- 
num in solution at its eutectic temperature and only a fraction of this 
amount at room temperaiure. The rate at which this excess aluminum 
will precipitate from the magnesium on cooling is much slower than 
ordinary quenching rates and at room temperature the magnesium will 
be super-saturated with aluminum. At this temperature the metastable 


6 


condition will be maintained and the physical properties of the ma- 
terial will not change with time. The solid at this temi)erature is too 
vi.scous and prevents the excess aluminum from separating out of the 
magnesium. By heating to certain low temperatures, however, the 
viscosity will change without appreciably altering the solubility rela- 
tionships and the aluminum as i)art of an inter-metallic compound 
MgsAla’ will form and cause a change in the physical properties of the 
metal. This process may be termed aging* and the change in hardness 
accompanying the phenomenon is called “precipitation hardening.” 

The heat treatment necessary for c(jntrolling this process con- 
sists of three distinct steps: (1) Heating the alloy to a temperature 
sufficient to cause all the aluminum to be in solid solution with the 
magnesium and to relieve the material of any strain hardening that 
may be present (2) To quench it from this temperature at a rate 
faster than the precipitation rate, thereby producing a super-saturated 
solid s(»lution capable of aging (3) To heat to certain temperatures to 
allow for the precipitation of particles of MgsAU* from the super-satu- 
rated solid solution. 

From a result of their v\ork cm duralumin, M erica, Waltenburg, 
and v^cott,^ explained the hardness change wnth aging by assuming the 
jirecipitation of siibmicroscopic particles of a hard inlcr-metallic com- 
pound To justify how this so markedly changed the hardness, Jef- 
feries and Archer* stated that these iiarticles on the p(»tential planes 
of slip act as keys and mechanically pre\ent slip. To explain the 
change in electrical resistance and the a])parent lack of change in lat- 
tice parameter with the aging of duralumin, Merica'^ rc\ised his earlier 
theory. In its new form the theory attributes the increased hardness 
to the atomic forces set up in the formation of the intermetallic com- 
pound and indicates that when the particles are actually formed and 
precipitated, a softening takes place wdiich is termed overaging. The 
previous explanation of o\eraging \\as that the size of the particles 
formed became greater than that necessary to produce maximum 
hardness. 

* Jcfferces, Z., and Archer, R. S.» “Sucnce «if Metals,” p 234, McGraw-Hill Book 

Company, New York, tQ.:4. 

* Harrington, R. H., ‘*Age-Hardening Alloys and Their Application,” General Electrical 

Review. March, 1936, VoL 39, No. 3, p i -’4 „ „ 

* Merica, P. D., Waltenberg, R. G., and Scott, H., “Heat Treatment of Huralumin 

Bull. Am. Iri.st. of Mining Engrg., p. 013, June, igig. 

* Teft'eries. Z., and Arched, R. S., Chem. & Met. Engrg. (ioa.i), .26,449. 

“Merica, P. C., Trans, of A.I.M.E., (i 93 -) 
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Another explanation for the increased hardness occurring without 
corresponding micro-structural changes is given by Guerther®. He as- 
sumes an intermediate colloidal state existing between the time of 
the initial state, expressed by the original undistorted space lattice, 
and the final state represented by a complete formation of the pre- 
cipitated particles. This intermediate state is one involving best 
mechanical properties and is termed colloidal because of the assump- 
tion that initial precepitation occurs in atomic or nearly atomic disper- 
sion which in many respects is analogous to a colloidal solution. 

In the evidence reported in this paper it will be seen that the 
mechanism of precipitation for this magnesium aluminum alloy is not 
characteristic of that for duralumin and the microstructure reveals the 
phenomenon that does take place quite clearly. 


IV. Solubility of Aluminum in Magnesium 

The magnesium aluminum relationships are complicated and the 
system contains two compounds and three eutectics. The metals are 
mutually soluble in each other to a limited amount in the solid state 
and their compounds also form solid solutions. The change in solu- 
bility of aluminum in magnesium with temperature has been studied 
by many investigators but as yet the exact nature of the relationship 
has not been agreed upon. Hanson and Gaylor’ give the solubility of 
aluminum in magnesium as 2.6% at ISO^C. and Archer” by hardness 
tests concluded that the limit of solid solubility at room temperature 
is between 5% and 6%. Meissner® gives a probable value of and 
Gann and Winston’® of 6% while Schmidt and Spetaler” in the dia- 
gram of Fig. 2 give a value of 7%. 

All the above results are in agreement that the solubility at room 
temperature is less than the 8% alloy being considered so that aging 
is possible but the exact amount of .super-saturation obtained at room 
temperature by quenching has not been established. Fig. 2 shows the 
magnesium rich portion of the diagram describing the relationship 


^ Guerther, W., ‘^Colloidal Conditions in Metal Crystals/' Colloid Chemistry edited by 
Alexander, J., Vol. Ill, p. 441, Chemical Catalog Comnany, New York, 

’ Han.son, G., and Gaylor, M. t,. V., “Constiution of Alloys of Aluminum and 
Magnesium,” Jr. Inst, of Metals, 1920, Vol. 24, n. 201. 

* Archer, R. S., “Hardening of Metals by Dispersed Constituents Precipitated from 
Solid Solutions,” Trans. A.S.S.T., 1926, Vol. 10, p. 718. 

® Heissner, K. D., “Age Hardening Tests with JSlektron Alloys,” Jr. Inst, of Metals, 
1927, Vol. 38, p. 195- ^ 

Gann, j. A., and Winston, A. W., “Magnesium and Its Alloys,” Ind. Chem., 1927, 
Vol. 19, i). 1193. 

Schmidt and Spctalcr, Jr. In.st. of Metals, Vol. 38, p. 195. 
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FIfr. 2« Mafrn(‘8lnni rich portion of magiieslnm alnmiiium series. 

between the two metals. In this figure the line ab illustrates how 
the solubility of A1 in Mg varies from l2Vf at the eutectic temperature 
(817° F.) to 7% at room temperature. If the diagram is correct there 
is practically no change in solubility when heating from room tem- 
perature up to 425 °F. and but little more up to 575° F. 

V. Solution Treatment 

The solution treatment will cause any precipitated particles to go 
back into solution and also relieve the material of the effects of any 
strain hardening it may possess. In this problem we have an example 
of each of these functions of the annealing process working separately 
and another of them working together. 

The extruded material in the “as received” condition has an ex- 
trusion temperature” represented above the saturation line given in 
Fig. 2. The material in this condition is a super-saturated solid solu- 
tion of A1 in Mg as revealed by its micro-structure and by the fact 

** Gann, J. A., “Magnesium-Industries Lightest Structural Metal," Paper presented 
at Western Metal Congress, San Francisco; February 17, 1931- 
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Fig. 8. Blicrostriictiires of magnesfum alloy (8% Al). Hpeclmena A anA B are 
In as received** condition. Specimen C has been strain annealed and fully 
aged at 300° F. Specimen B lias been solution annealed three minutes at 
778° F. from condition of Specimen C. 
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that it will age from this condition. Fig. 3A and 3B show micro- 
structures taken from longitudinal sections in the initial condition. 
Fig. 3A was taken at 100 diameters magnification while Fig. 3B was 
taken at 800 diameters magnification. These pictures show up the in- 
clusion stringer, a fairly uniform grain structure, a slight twinning 
effect and a small amount of visible percipitation along the grain 
boundaries and along the inclusion stringer. The relatively low hard- 
ness of 65 Rockwell E which the material has may be attributed to the 
strain hardening associated with the extrusion process plus a slight 
effect of precipitation. 

The annealing process for the material in this condition is essen- 
tially one of strain hardening relief. The change of hardness imme- 
diately following quenching after having held the material for different 
time intervals at two different temperatures is given in Fig 4A. The 
oxidation that normally would take* place when annealing at 800* F. 
was prevented by covering the specimens with iron filings. The 775* F. 



Fig. 4 A. Solution treatment from the att received” condition. 
12 



annealing treatment from sixteen to twenty hours was the one used 
to anneal the worked material prior to any precipitation treatment, 
but in some cases other annealing treatments were used in order to 
show the effect of initial hardness on the final aging condition or the 
rate of hardness change with time. The final hardness was not ef- 
fected by the quenching rate and the hardness obtained after allowing 
specimens five hours to cool from the annealing temperature was 
within a point of that obtained by a brine quench at 7®F. Other 
quenching baths with temperatures varying from 70 to 180 degrees F. 
showed no difference. 



Fi|r. 411. HoluUoii treatineiit from thr aired eoiidUion. 

The solution annealing characteristics of a specimen that had 
first been strain annealed by a sixteen-hour treatment at 775®F. and 
then aged at 300® F. to allow precipitation hardening to fake place is 
different from the strain annealing applied to the extruded rnetal. In 
this second case the solution anneal has as its function the dissolving 
of the precipitated particles back into solid solution. The curve repre- 
senting the change of hardness with time for this condition is given in 
Fig. 4B. This solution anneal is completed in ten minutes while the 
strain anneal which has only half the hardness range requires eighteen 
hours. This shows quite strikingly the difference between the two 
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cases. The niicro-structures of Fig. 3C and 3D .show the changes tak- 
ing place in the solution anneal around and in precipitated areas. Fig, 
3C shows the material at the end of aging which is the beginning of 
the solution anneal and 3D gives the structure after it has been an- 
nealed at 775®F. for two minutes and then quenched. The dissolving 
of the precipitated area is clearly shown. The initial boundaries of 
the precipitated area are seen to be maintained and the dissolving 
of the inter-metallic compound is within this area These pictures 
were taken at 4(K) diameters magnification. 

VI. Aging from the Annealed State 

After annealing to relieve the material of the effects of any strain 
hardening or precipitation, the specimens were quenched and aged at 
various temperatures to allow precipitation to take place. The amount 
of super-saturation produced by quenching from 775‘^F. is uncertain 
and on the basis of the data given, under the solubility relationships, 
may vary from a maximum of 6% on a basis of 2% solubility at room 
temperature to 1% on the basis of 7% solubility at room temperature. 

Quenching from the annealing temperature will give a super- 
saturated solid solution and the amount and rate of precipitation of 
Mg<Ab from this solution will vary with the aging temperature. As 
the temperature increases the viscosity of the rnetal will decrease, 
thereby aiding the process. Increased temperature may also mean a 
decrease in solid solubility which w'ould decrease the amount of super- 
saturation and hence the tendency to age Fig. 2 does not indicate 
much change in solubility below 575®F. but a different form of curve 
“ab” as reported by other investigators, previously listed, indicates a 
change below this temperature. 

Fig. 5 illustrates the effect of different aging temperatures when 
aging from the same initial hardness prculuced by a sixteen hour 775® 
F. anneal. There i.s practically no aging at room temperature and at 
260® F. the rate as measured by change of hardness with time is slow 
but does reach the same hardness as the 300® F. treatment although 
this is not shown on the diagram. The temperature range between 
260® F. and 360® F. is rather critical and the maximum hardness is ob- 
tained by 300® F. aging. Above this temperature the change in solu- 
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Fig. S. Ellect oi temperature on aging from the annealed state. 

bility seems to have an effect and the drawing shows lower final hard- 
nes<;es with the higher temperatures and practically no change with 
a 600° F. treatment 

It should be noticed that the usual incubation period reported 
for most aging systems is absent in this alloy. An incubation period 
is characterized by being a time interval at the beginning of aging 
where no hardness change is observed. These curves also indicate 
that overaging is seen to occur to sonic degree for all aging tempera- 
tures but to a marked degree for the 420° F. and 520° F. aging. 

The curves of Fig. 5 would have been modified if the aging had 
begun from a different initial condition. To illustrate that the rate of 
aging and the final hardness attained is a function of the initial hard- 
ne^s, 360° F. aging tests were made from materials having different 
hardnesses. The initial hardness values were obtained by a 775° F 
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solution treatment and regulating the time of anneal according to Fig. 
4A to give the desired hardness. Fig. 6 gives the results of these tests 
and brings out the fact that the greater the initial hardness the shorter 
and time necessary to attain maximum hardness and there is an opti- 
mum initial condition for this aging temperature that will give a hard- 
ness equal to that obtained by the 300° F. aging given in Fig. 5. The 
increased rate of aging accompanying the increased initial hardness 
may be accounted for by the fact that the material was not complete- 
ly relieved of its strain hardening by the incomplete annealing treat- 
ment.” This distorted space lattice has less power to retain the alumi- 
num in solution which accelerates the precipitation rate. A similar test 
was made using 300° F. as the aging temperature and these results 
are given in Fig. 7. This figure shows the maximum hardness to be a 
function of the initial condition but that the rate of aging is practically 
the same for the three curves given. 

Different runs were made on specimens that had been annealed 
at 775° F. for twenty-four, forty-eight, and seventy-two hours to detcr- 

’•Teed, P. ly., “Plastic Deformation and Age Hardening of Duralumin/* Jr. of 
Institute of Metals, Nov. 1Q35. 

it 
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mine whether the time the specimen was held at the solution tempera- 
ture after the minimum hardness was reached has an effect on either 
the rate of aging or the final hardness. These malenals having ap- 
proximately the same hardnesses but different annealing times showed 
no difference in aging characteristics as measured by hardness read- 

iTigs. j 

The micro-structure of a completely aged specimen was shown in 
Fig. 3C. This indicates that the increase in hardness accompanying 
the aging of this alloy is not explained by the theories that explain 
the behavior of duraluminum. In this case the atomic forces set up 
in the formation of the intermetallic compound MgsAla but prior to its 
precipitation do not account for the hardness increase. Precipitation 
areas are observable very shortly after the beginning of aging and 
the hardness is proportional to the amount of this area present. The 
precipitated particles are not uniformly distributed throughout the 
metal but begin at the grain boundaries and form a definite laminated 
type of structure which Gann termed an embrittling eutectic.“ The 
amount of this area present is greater than that indicated by applying 
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Effect of temperature on a^ing of extruded material 



the lever relation to the equilibrium diagram for the determination of 
the percentage of eutectic that should be present. To account for the 
hardness increase this aggregate must be harder than the super-satu- 
rated solid solution of aluminum in magnesium. 

VII, Aging from the Extruded Condition 

Aging from the *‘as received” condition is possible because the 
extruded temperature was sufficiently high to give a super-saturated 
solid solution and precipitation at room temperature was not sufficient 
to produce any appreciable change in hardness. This aging gives a 
combination of strain anneal and precipitation hardening taking place 
simultaneously. A set of curves showing the effect of aging tempera- 
ture on the rate and the final hardness attained is given in Fig. 8 

I'ig 8 shows that as ffir the case of aging from the annealed con- 
dition there is, for a given initial condition, a critical temperature 
W'hich gi\cs the maximum hardness in the minimum time This maxi- 
mum hardness is the same as obtained by aging from a completely an- 
nealed state but a comparison of Fig 7 and ]*‘ig 8 shows that an aging 
time of only twenty-five luairs is needed for the extruded material as 
compared to one hundred hours for the annealed material This 
shorter time may be attributed to the decreased power of the distorted 



Fig. 9. Effect of initial bardness on 860*’ F. aging of extruded material. 
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lattice to retain the aluminum in solution. This effect of the amount 
of the initial strain on the a^ing characteristics is given in Fig. 9. 
These specimens which had different hardnesses due to extrusion 
have been all aged at 360** F. The combination of Fig. 8 and Fig. 9 
show that for this case the aging rate as measured by change of hard- 
ness with time is a function of the initial condition as well as of the 
aging temperature. 

The 30()®F. aging curve t)f Fig. 8 is a good example of the com- 
bined effect of the strain anneal and precipitation hardening. With 
the beginning of heating the precipitation starts which would increase 
the hardness but at the same time the temperature is sufficiently high 
to cause some strain relief thereby promoting a softening effect 

For the first ten hours the decrease in hardness due to strain 
relief is greater than the effect of incrca.scd hardness that would result 
from the aging alone. Beyond this time the hardness steadily in- 
creases, the precipitation effect being the predominating factor. 

The steady increase in the size of the precipitated areas viewed on 
longitudinal sections of specimens thsft had been ag(‘(l frf»m the ex- 
truded condition 3^^, lOVz and \ 6 V 2 hours respectively at 390° F. is 
given in Fig. 10 These specimens were taken at 200 diameter magni- 
fication They were etched very lightly with a two per cent solution 
of oxalic acid. Structures A, H and C of Fig 10 show very strikingly 
the effect of hardness on the amount of precipitation and the gradual 
increase in the amount of precipitation from the beginning of the ag- 
ii'g. Fig. IOC shows the laminated structure of the precipitated aggre- 
gate. This iiieturc was taken at 8(K) diameters magnification. 
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DIVERSION LOSSES IN PIPE BENDS 

By 

Ellery R. Fosdick, £.E. 

INTRODUCTION 

This bulletin is the culmination of investigations, tests and studies 
that were started by the author in 1929, when some field tests were 
made on the long flow line that conveys water from Lake Chelan, 
Washington, to the Chelan hydroelectric generating plant of the 
Washington Water Power Company. The results of these tests, which 
were subsequently published’, indicated that the losses produced by 
the bends and the wye branch in the flow line were of considerably 
greater magnitude than were ordinarily supposed. 

In view of the relatively large losses that resulted from the pas- 
sage of the stream around the bends of the Chelan flow line, it was 
decided to inve.stigate the matter further. During the fall and winter 
of 1933 the subject of losses resulting from bends in flow lines was 
irnestigated in considerable detail and it was found that virtually no 
W’ork dealing with the general principles of the matter had been done. 

Accordingly the author conducted some tests at the hydraulics 
laboFxatory of the University of Washington during the spring and 
summer of 1934 for the purpose of determining the nature of the 
losses resulting from a conduit bend. A report w'as prepared on this 
work and submitted to the University in the summer of 1934. Shortly 
afterward a number of investigators completed studies of a similar 
nature and some of these have been published.* 

Tlic nature of the losses as found by these tests made it seem 
likely that a change in the design of a bend would reduce the losses 
resulting therefrom. The various designs that might produce the 
desired results were carefully studied and some models which could 
be tested were constructed. 

Numerous tests were made of various model bends in the hydraulics 
laboratory at the State College of Washington during the winter of 

* “Tunnel and penstock tests at Chelan Station, Washington,” by Ellery H. 

Fosdlck, Transactions American Society of Civil Engineers, 1936, page 1409. 
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1935 and the summer of 1936. The laboratory facilities were made avail- 
able for these tests by H. V. Carpenter, Director of the Engineering Ex- 
periment Station and Professor M. K. Snyder, head of the Civil En- 
gineering Department. Professor J. G. Woodburn in charge of the 
hydraulics laboratory contributed much of his time and energy in 
assisting with the work that was done in the laboratory and it was 
largely through his efforts and cooperation that these tests were 
successfully completed. The work which was done in making these 
tests and the results obtained are presented in this bulletin. 

THE REDUCTION OF LOSSES THAT RESULT FROM BENDS 
AND WYE BRANCHES IN FLUID CONDUITS 

The science of fluid mechanics has been steadily improving 
through the years and during the last two decades extremely rapid 
progress has been made; but practically all of the mathematical 
formulae have been based upon empiricism. During the last few years 
this has been gradually changing through the use of dimensionless 
parameters such as the Reynold’s Number. The use of Reynold’s 
Number as a basis for comparison of hydraulic behavior in conduits 
of various sizes has been known since the last part of the nineteenth 
century and it seems strange that little use has been made of this 
valuable aid until recently. 

The improvements which heretofore have ,been made in the 
science of hydraulics have been almost entirely in the field of dy- 
namics and have usually been confined to such equipment as turbines, 
needle valves, draft tubes and intakes to flow lines. Practically no 
attempts have been made to improve the design and operating char- 
acteristics of such important parts of conduits as bends, elbows and 
wye branches. 

The losses which result from bends and wye branches in conduits 
are fairly large and justify more consideration than has been given 
them in the past. They are of sufficient magnitude to warrant the 
expenditure of considerable .sums of money in some, cases in order 
to reduce them materially. 

2 “Flow of water around bends in pipes,'* by David L*. Yarnell and Flojrd A. 

Nagler, Transactions American Society of Civil Engineers, 1935, page 1018. 

‘‘Flow characteristics in elbow draft-tubes," by C. A. Mockmore, Proceed- 
ings American Society of Civil Engineers, Feb. 1937, page 251. 
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It is obvious that any improvements in the design of bends and 
wye branches must possess structural stability under high heads and 
at the same time must be economically justifiable. 

The improvements which have been made to hydraulic structures, 
other than bends and wye branches, have reduced the losses occurring 
in them to such a low point that no material improvements can be 
expected in the future and therefore the only changes which are 
likely to be made are refinements which may result in very minor 
increases in efficiency. On the other hand, the designs of bends and 
wye branches have not, for the most part, been changed since the in- 
ception of conduits of circular cross section, and the losses in these 
structures are sufficiently large in some instances to justify the ex- 
penditure of considerable sums of money in order to improve the de- 
signs toward the end of increasing their efficiency and improving 
their op)erating characteristics. 

GENERAL 

In view of the foregoing facts, a considerable amount of research 
and investigation has been earned on by the author during the last 
few years to determine not only the character of losses that occur 
in bends and wye branches but also to determine, if possible, some 
m(*ans of reducing them with a structure so designed that it would 
be physically stable under high heads. 

The passage of a fluid around a bend in a conduit results in a 
double spiral eddy in which the diversion loss occurs. This eddy is 
produced as a result of the distortion of the normal distribution of 
velocity and an abnormal pressure created by the centrifugal thrust of 
the fluid. These phenomena have been studied by several investigators 
and the results of their work have been previously made available to 
the engineering profession through the medium of various technical 
publications.* Consequently, no further discussion of the subject will 
be given here. 

It has been known by hydraulic engineers for some time that the 
losses resulting from a bend may be materially decreased through 
the use of a conduit flattened in a plane at right angles to the plane 
of the bend. Such a structure, however, is suitable only for very low 
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heads and could not be made physically stable for high heads without 
an excessive cost. 

In view of these facts, the selection of a design for reducing the 
losses in conduit bends would be more or less limited to a cross- 
sectional shape that was circular or some part of a circle, such that it 
would tend to maintain its normal contour under high pressures. 
After much investigation of this problem before starting these tests, 
it was finally decided to try a bend with a semi-circular cross section 
with the semi-diameter in the plane of the bend. Such a conduit 
might be easily constructed, for use under high pressures, from a 
circular pipe by merely installing a diametrical partition wall with 
relatively small vent holes in it which would tran.smit the fluid pres- 
sure to the side of the partition wall away from the moving column 
of water. In this way the hydrostatic pressure of the fluid would be 
exerted upon a physically stable structure with a circular cross sec- 
tion, while the dynamic flow would take place through a conduit 
having a semi-circular cross section and the partition wall would only 
have to withstand the forces produced by the dynamic flow of the 
fluid passing around the bend. 

TEST EQUIPMENT 

The tests that are described in this paper were conducted in the 
hydraulics laboratory at the State College of Washington, using a 
standard 6-in. pipe for the supply and discharge lines with a 90-degree 
test bend A schematic arrangement of the flow line which was used 
for these tests is shown in l^'igure 1 It will be observed that the 
supply line was a straight section of 6-in. pipe practically 33 ft. long, 
while the discharge pipe was a straight section of 6-in. pipe approxi- 
mately 16 ft. long. The 90-dcgree test bends were inserted between 
these two sections of pipe (Fig. 2). 

“Loss in 90 -degree pipe bends of constant circular cross-section,'* by Albert 
Hoffmann, Transactions of the Munich Hydraulic Institute, Bulletin 3. (Trans- 
lation by American Society of Mechanical Engineers.) 

“Modern conceptions of the mechanics of fluid turbulence,” by Hunter House, 
Proceedings, American Society of Civil Engineers, Jan., 193-6, page 21. 
“Pressure losses for fluid flow in curved pipes,*' by G. H. Keulegan and 
K. H. Beij, Research Paper R P 965, National Bureau of Standards, 
Jan., 1937. 

“Heat Power Engineering,” Part III, by Barnard, Ellenwood and Hir shield, 
John Wiley & Sons, 1933. 

“Handbook of Hydraulics,” by H. W. King. McGraw-Hill Book Co., 1929. 
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Supply line with Special Bend No. lA In 
place. Standard Bend In foreground. 





90 -degree triangular weir used for measurements of flow 
through test bends. 


10 




The water supply was obtained trom a centrifugal pump and the 
flow was measured over a 90-degree triangular weir, shown in Figure 
3, which had previously been calibrated within very close limits. The 
flow was regulated by means of a valve on the discharge side of the 
pump and the pressure on the flow line and test bend was regulated 
by means of a valve in the discharge pipe (Fig. 4). 



Discharge line and control valve. Test bend is near the wall. 


Ten measuring sections were laid out along the 6-in. pipe as 
shown in Figure 1. At each of these sections were located four piezom- 
eters, spaced 90 degrees apart, on the top, bottom and sides of the 
pipe. Only the side piezometers were used in the readings. Each of 
the piezometers consisted of a 1/16-in. hole w'hich had been drilled 
radially into the pipe and reamed with a specially built reamer so 
that the broken bits of metal were removed from the inside of the 
pipe at the edge of the hole and also so that the inside edge of the 
hole was slightly rounded. 

Each of the piezometers was connected to a vertical glass-tube 
manometer. Throughout the tests of the first two bends, the oscilla- 
tions of the water columns in the manometers w'Cre damped by pinch- 
ing the rubber tubes that connected the manometers to the piezom- 
eters. During the tests on the third bend a 6-in length of capillary 
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tube was placed in series between each manometer and piezometer 
for the purpose of damping the oscillations. The latter arrangement 
was found to be somewhat more satisfactory than the one originally 
used. 

Three types of 90-degree bends were tested. The first one (See 
Fig 5) had a semi-circular cross section with the same area as a 
standard 6-in. pipe with the flat side of the semi-circular cross-section 
at right angles to the plane of the bend and on the side of the pipe 
away from the center of curvature. This bend, called Special Bend 
No. 1-A., was connected to the approach and discharge pipes by means 
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Side and end views of flanged transition sections for Special 
Bend No. lA. 
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Special Bend No. IB In place. Flow ap- 
proaches from top of picture. 

of flanged transition sections as shown in Figure 6. Figure 7 shows 
the transition sections before assembly. After some preliminary tests 
had been run on this bend, another one was constructed and tested 
wifii the transitions and the bend cast integrally in one piece. This 
bend, called Special Bend No. 1-B, is shown in Figures 8 and 9. 

The next set of tests was run on a standard 6-in. flanged, short- 
radius elbow. The third set of tests was run using a bend of semi- 
circular section similar to that used in the first series, except that 
the flattened surface was located on the side of the bend nearest to 
the center of curvature. This bend is called Special Bend No. 2 and 
is shown in Figure 10. All of the special bends tested had the same 
radius and curvature on the face of the pipe farthest from the center 
of curvature as the standard bend. 

A total of 45 test runs, comprising 15,060 individual readings, were 
made of the friction losses and corresponding flows with these four 
bends. The results of these observations have been computed and 
graphically analyzed. 
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Front and rear views oi Special Bend No. IB in place. 
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Two \iews of Special Bend No. 2. This bend gave best 
results. 


METHODS OF TESTING 

It was found during: the tests that the dilTerence between mano- 
meter readings for right and left hand piezometers at any one station 
remained the same for any given rate of flow and for this reason it 
was unnecessary to take readings on both right and left hand mano- 
meters. Observation of pressure heads were, therefore, made in the 
manometers connected to the right hand piezometers only. 
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Twenty-five readings of the pressure head in the flow line were 
made for each condition of flow at each station in testing special 
bends 1-A and 1-B and the standard bend. The 25 readings were made 
at ten-second intervals and were found to cover at least one complete 
cycle of the variations in pressure piesent in the flow line under 
stable conditions of flow. Consequently, the average of these 25 read- 
ings for any one flow gave a fairly accurate measure of the average 
pressure head existing during the run. 

In making the observations with special bend No. 2, the number 
of consecutive readings that was made for any one condition of flow 
was reduced to 20, as this number appeared to be adequate for the 
degree of accuracy desired. The method of reading and the interval 
of time between readings was the same as for the previous tests. 

Due to the limited number of observers it was impossible to read 
all of the piezometers simultaneously, so it was necessary to take 
three groups of simultaneous readings for each test run at each of 
four adjacent stations. The stations which were read simultaneously 
in each group of observations had to overlap in order to determine 
a continuous hydraulic gradient for the entire flow line. That is, the 
last or fourth station in the first and second groups of readings was 
the first station read in the second and third groups of readings. 

Observations of the flow were made by taking readings of the 
head on the 90® V-notch weir at thirty second intervals throughout 
each test run. The head on the weir was measured with a standard 
hook gage, with readings taken to 0.0001 ft. at the lower flows and to 
the nearest 0.0005 ft. at the larger flows. 

The standard bend was tested under 15 different conditions of 
flow with a range of velocity from 2.5 to 7.2 ft. per sec. Special bends 
1-A and 1-B were tested with a total of 21 different flows, having a 
range of velocity from 2.4 to 7.1 ft. per sec. and Special Bend No. 2 
was tested for 9 different flows having a range of velocity from 1.7 
to 7.5 ft. per sec. 
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COMPUTATION OF RESULTS 


The average pressure head on the flov^r line at each station for each 
rate of flow was determined by averaging the right hand manometer read- 
ings and adding one half of the difference between the right and left 
hand piezometers to this average. Corrections for the elevation of the 
gage boards upon which the piezometers were mounted had previously 
been determined from a set of precise levels and these corrections 
were added to the average manometer leadings so that the pressure 
heads would all be referred to the same datum plane. 

The total losses in each section of the flow^ line were determined 
by subtracting the average pressure-head elevation at any station from 
that of the station immediately up-stream. Rating curves for each 
section of the flow line were constructed so as to show the losses for 
the various flows and for the different bends that w’ere used in the 
tests It was found that the observed losses for the tests of any one 
type of bend fell in close proximity to the rating curve, indicating 
that the observations were fairly accuiate. 

The total friction loss of the flow line and bend, that is, the loss 
which would occur in a straight pipe of length equal to the combined 
lengths of approach pipe, bend and discharge pipes, was determined 
by using the rate of loss observed in the straight sections of pipe 
above and below points obviously affected by the bend, and applying 
this rate to the total length of the line. 

The total loss in the flow line at any given rate of flow was taken 
as the sum of the losses in each section as determined from the rating 
curves. It was thus possible to determine rather accurately the total 
loss in the flow line within the range of velocities covered by these 
tests. 

The diversion loss resulting from the fluid passing around the 
bend was found by subtracting the total friction loss in the flow line 
from the total loss in the flow line. It is recognized that a certain 
amount of error undoubtedly results from this procedure, but due to 
certain limitations upon the testing facilities, it w^as impracticable to 
directly determine the total friction losses in the flow line. 

The temperature of the water used in the tests was measured at 
frequent intervals, in order to ascertain the kinematic viscosity. From 



this factor, the mean velocity of the fluid, and the diameter of the 
pipe, it was possible to compute Reynold's Number for the various 
conditions of flow. This number affords a dimensionless parameter 
for designating the results of these tests so they may be transposed 
to other hydraulic structures having the same geometric similitude. 

It will be observed from Figure 11 and Table I, which contain a 
summary of the information obtained in these tests, that the diversion 
loss factors for the standard and special bends approach a constant 
value at about R equals 250,000. This is in accordance with the obser- 
vations of other investigators and indicates that the loss factors for 
a Reynold’s Number of approximately 250,000 may be used with a fair 
degree of accuracy in computing the losses with a flow having a Rey- 
nold's Number many times greater.- 

No observations were made for a Reynold's Number much below 
50,000 as this represents a very low mean velocity of flow for a pipe 
of this size and is a condition that is not ordinarily of importance in 
the operation of hydraulic structures, so while it may be of theoretical 
interest it is not of practical importance. It is probable, however, that 
if these observations had been made, the loss factor curves would 
have followed approximately the course indicated by the dashed lines 
on Figure 11. 


CONCLUSION 

The results of these tests as summarized in Fig. 11 indicate clear- 
ly that a considerable reduction can be made in the diversion losses 
that are produced by the passage of a fluid around a conduit bend 
through the use of bends having a semi-circular cross-section with 
the flat side at right angles to the plane of the bend. The semi-circular 
cross-section of the conduit bends that have been used in these tests 
creates a redistribution of the fluid velocity that minimizes the losses 
by reducing the unbalance of pressure resulting from the centrifugal 
thrust of the fluid column and by decreasing the resistance to flow 
around the bend on the side nearest the center of curvature. 

The loss factors for special bend No. 1 with the flat side radially 
outermost were found to be materially less than the corresponding 
loss factors for a standard bend of circular cross-section having the 
same cross-sectional area and radius of curvature. The loss factors for 
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special bend No. 2 which had the flat side radially innermost were 
found to be much less than the corresponding loss factors for special 
bend No. 1. 

The construction of a conduit bend having a semi-circular shaped 
passage for the moving fluid is feasible for operation under high-heads 
with the shell and partition design. In this type of structure a circular 
pipe having approximately twice the required cross-sectional area and 
designed to withstand the fluid pressure has a thin longitudinal parti- 
tion wall that is secured in the pipe in a diametrical position in the 
plane at right angles to the plane of the bend. Relatively small holes 
in the partition wall transmit the fluid pressure to both halves of the 
conduit with the result that the only force acting on the partition wall 
is the relatively small pressure produced by the dynamic action of 
the fluid. 


TABLE I 

DIVERSION LOSSES IN PIPE BENDS 
Summary of Loss Data 


standard Special Special 

Bend Bend No. 1 Bend No. 2 


vva* 

R 

K. 

R 

K., 

R 

K.. 

.0622 

84,700 

0.207 

84.700 

0.150 

77,000 

0.120 

.249 

170,000 

0,225 

170,000 

0.187 

154,000 

0.137 

.560 

254,000 

0.220 

254,000 

0.192 

231,000 

0.134 

.995 

339,000 

0.231 

339,000 

0.202 

308,000 

0.141 


The total diversion loss factor K, is the sum of the diversion loss 
factors in the several sections of the flow line as they were obtained 
from diversion loss curves that were established for each section of 
the flow line. The diversion loss curves were plotted through the 
large number of points representing the observed diversion losses in 
each section of the flow' line. They were drawn so as to represent an 
average of the observed diversion losses. 

R = Reynold’s Number 

Kh == diversion loss factor in equation: Loss Ki, * VV2g 


21 



Engineering; Bulletins 

Published by the Engineering Experiment Station 
State College of Washington 

13. Critical Velocity of Steam with Counter-Flowing Condensate. 

By W. A. Pearl and Eri B. Parker, February, 1923. 

14. The Use of Power Fans for Night Cooling of Common Storage 
Houses. By H. J. Dana, December, 1923. 

15. A New Stationary Type laboratory Meter. 

By H. V. Carpenter and H. J. Dana, September, 1924. 

16. Relation of Road Surface to Automobile Tire Wear. First Progress 
Report. By H. V. Carpenter and H. J. Dana, January, 1924. 

17. Relation of Road Surface to Automobile Tire Wear. Second Progress 
Report. By H. J. Dana, December, 1925. 

18. Relation of Road Surface to Automobile Tire Wear. Third Progress 
Report. By H. J. Dana, October, 15^26. 

19. Rhythmic Corrugations in Highways. 

By H. V. Carpenter and H. J. Dana, February, 1927. 

20. How to Measure and Use Water for Irrigation. 

By O. L. Waller, March, 1927. 

21. Magnetic Nail Picker for Highways. 

By H. J. Dana, August, 1927. 

22. Spray Residue and Its Removal from Apples. 

By F. D. Heald, J. R. Neller and F. L. Overley of the Agricultural 
Experiment Station in Cooperation with H. J. Dana. 

23. Survey of Fruit Packing Plants. (Out of Print). 

By H. J. Dana, December, 1927. 

24. Survey of Fruit Cold Storage Plants. (Out of Print). 

By H. J. Dana, March, 1928. 

25. An Extensometer and Compressometer of the Hydro-Static Type. 

By H. H. Eangdon, October, 1928. 

26. A Survey of Fruit and Cold Storage Plants in Central Washingtot'. 
By H. J. Dana, December, 1928. 

27. The Automatic Underfeed Coal Stoker for Domestic Heating. 

By H. J. Dana, April, 1929. Second Edition, October, 1929. 

28. Importance of Preliminary Ore Analysis by Means of the Stereoscopic 
Binocular Microscope. By Arthur E. Drucker, April, 1929. 

29. Short Wave Transmitter Design. 

By David H. Sloan, September, 1929. 

30. The Elasticity of Concrete. 

By Howard H. Langdon, January, 1930. 

31. Rh 3 rthmic Corrugations in Highways. Second Progress Report. 

By Homer J. Dana, January, 1930. 

32. The Economical Distribution of Steam in District Heating. 

By A. C. Abell, February, 1930. 

33. Application of Stellite to Agricultural Tools, First Progress Peport. 
By G. E. Thornton and C. C. Johnson, September, 1929. 

22 



34. A Study of Welded Metals Under Fatigue Tests. 

By G. E. Thornton, April, 1930. 

35. Electro-Hydrometallurgical Process for Copper Flotation Concentrate. 
First Progress Report. By Arthur E. Drucker and Carl F. Floe, 
April, 1930. 

36. Rh 3 rthmic Corrugations in Highways. Third Progress Report. 

By Homer J, Dana, December, 1930. 

37. A Method of Compiling Approximate Mining Cost Data. 

By Guy E. Ingersoll, October, 1931. 

38. Electro-Hydrometallurgical Process for Copper Flotation Concentrate. 
Second Progress Report. By Carl F. Floe and Arthur E. Drucker, 
January, 1932. 

39. Fuel Economy in Domestic Automatic Heating. 

By Homer J. Dana and Howard H. Langdon, June, 1932. 

40. Hand Methods of Placer Mining and Placer Mining Districts of 
Washington and Oregon. (Out of Print). 

By Guy E. Ingersoll, June, 1932. 

41. The Relative Lubricating Value of Automotive Oils. 

By Howard H. Langdon, March, 1933. 

42. Laboratory Methods of Comparing Lubricating Values of Automotive 
Oils. By H. H. Langdon, March, 1933. 

43 Small Scale Methods of Placer Mining and Placer Mining Districts 
of Washineton and Oregon. 

By Guy E. Ingersoll, April, 1933. Price 15c postpaid. 

44. The State College of Washington Experimental Fruit Washer. 
By Harry L. Garver, Homer j. Dana, and Fred L. Overley July, 
1933. Issued as Agricultural Experiment Station Bulletin No. 285. 

45. Comparative Heat Loss Tests on Insulated and Un-insulated 
Buildings in the Electrified Mason City at Grand Coulee Dam Site. 
By Homer J. Dana and R. E. Lyle, May, 1935. 

46. The Feasibility of Using a Heat Storage Device for Domestic 
Heating with Electricity. 

By Homer J. Dana and R. E. Lyle, June, 1935. 

47. Survey of Methods for Heating Fruit-Washing Solutions. 

By Homer J. Dana, January, 1936. 

48. Studies of Summer Air Conditioning for Domestic Comfort at 
Grand Coulee Dam Site. 

By Homer J Dana and R. E. Lyle, February, 1936 

49. Characteristics of Heat Storage in Domestic Electric Floating. 
By Homer J. Dana and R. E Lyle, 1936 

50. Precipitation Hardening of a Magnesium Alloy Containing Alumi- 
num 

By James G. McGivern and Clinton A. Wilkinson, July, 1937, 

51. Diversion Losses in Pipe Bends. 

By Ellery R. Fosdick, December, 1937. 


23 



THE STATE COLLEGE OF WASHINGTON 

Founded and Maintained by the National Government and the 
vState oe Washington 

Tlu" woik of tho State College of XVashingtOH is organized into three 
mam groups Kesulent Insiiurtion, KxpcnnuMit Stations ami Ivxtension’ 
Sei \ ices 

TIIK KI'SlDKNT INSTRUCTION DIVISKjN uu hides 
Tlie College of \gricultuie (B S and M S Degrees) 

With divisions in Agticultural Kconomies, Aeni'iiltural Ktiginecring, 
Agi n. ulfiit ,il Journalism. Agronomy, Amm i! lliishandi\. Dairy Hus- 
hamlri, I'.ii m M uiagtantid, Idonculfiirt , Forestri and R mgi Manage 
mint, 1 lorlu nliui e, lyandscape (iardcinng. Plant l*afliology, Poultry 


1 ‘ngi nee I mg, 

, Methanical 


Till Colli'ge of ]Me'tliinic .\its md hdieiiit 1 1 ini' (B , MS, C' K , K K , 
ind Ml. 1 )t gi ei s) 

XVitli duistoiis in Aeiirnltinal hhigim 1 1 me, Ai < In ti i tin al 1 ‘iigmeenng, 
Civil TCngimeimg, I-'lecfncal Fngimeimg, Mathematus, Methanical 
iCneini ( 1 mg, J'li\ -'ll s 

Tile Lolhi'i ot .Siiimet*? anil Aits (BA, B ,S , M A , .mil M.vS Degrees') 
With di\ision>s \n Aiuivultui il ('hemistiv, Batcimloiy and Puldic 
III dtli, Botmv, Bnsimssi AdmiTustt a) ion, Chemistiv, t luniual I'hi- 
1 m< t 1 1 n . . Consi 1 \ tip in o 1 Wild 1 ,* li and li um M ,n i gt ment . (rinii 
nologv, Kconomu-s, ICnglssli and louriialism, Forcirn Languages, (.it m i al, 
Historv, >sUTs(s Tramin/ , Pliilo^ofihy, Pohtual .Sen me, Pudinfistn, 
Pill IV, Pi t IIP the im , Pnhlii S<ivn«, .'si 1 1 et tn,il Ti nn-ne, .Soi ’olof \ . 
/...do. V 

Ti’t ('.dlt.i of llo'iH 1 (oi'oiim.- (B \ , B , XT \ , md XT S . Deeriis) 
With iii\nM)iis m llotil Mil lotn.ii, lIvmsvhoM \dmi no ti atmn, Insfi 
tution Iv'oM.Mmi s 

d'l e ('olii}.' (d X’lliMin.irv Xlulnme ( B , DV XI in<! X! S Digues) 

'1 he ‘“cl oo! o' M 'III s im' (i< oirig\ t p. , XI , XI » 1 1 ' , ,iT.d I'M D< 'U I e ) 
W 'tl. dupion, in (il olog) . XI I i.iMogt ip!i\ Xlt'din.iv, Mmme, Mining'' 


(P. \ , B , XT \ , 

I 'I IIP I 1 , 1 1 vpisv hoM 


'li.ne, .Sol M)lof \ . 


md XT S . I )eeri i s) 
\dmi IIP tl atmn, Insfi 


'Ida 

S( hold o' 

^ 1' liu atioi) 

(1 

A B 

li 

1 c 

1 d 

XT . 

XI \ o d 

XI 

M 

D i V n 

(“, 1 


W iM. dn 

' 0!'s 

m Ai 

1 r It 

iiltii 

11. .1 

L' 

I|.' t(i 

on . 

} dm 1 flop, 

h 

idu 

omJ 

\l Is, 


1 S \ t Iwoo,' 

\ 













TIm 

'"(hold o 

1 Ml) 

Ml an 

i i 

np 

An 

. 

B \ 

,m<l 

MX Di 

1 1 1 

1 




W 1 1 'll (\\\\ 

‘ ot,' 

m Di 

on 

-IP 

\rt 

, 1 

1 • . < 

’ 1 S. 

Il ipionv 

Ot 

Op 

4. . 1 

Ih O O 


! hpi < )i g 

all. 

)Hlth. 

Tl 

'(•ol 1 

\ 

’lid 

n. 

OH 1 






Thi 

■si pool ol 

i I'll' 

f l.lai . 

( P 

h ( 

B 

V, 

op' 

M ^* 

D' n. ) 





'I’hi 

( iiMilii a 

-'i hi 

lid (\! 

\ 

. M 

•" , 

1 d 

1 M , 

itl'i 

Pi. D Dll 

'111 

s 1 



'Phi 

1 )<. p 1 1 ! I 11 

111 Ol 

Mill 

1. \ 

'St 1 

1 Ol < 

' and '! 

tl Ip 







Inclu ling, 

Rt s< 

J \ ' f ) t f i < 

1 1 s’ 

Ti 

Ill . 

.lU- (' 

05 |. 

. n lii'.mt 

r> 

OP 

1 I'.PP 

meer 


iiu‘ units 














Till 

Dcpartim 

t nt t 

if Ihu 

^ p . 

a) 1 

i..ln 

1 It 

ion a 

P.l 

Midi t.i s 

( B 

s 

.lip! 

M " 


Di gret s) 














Thi 

slioit St 

'SKim 














Including 

the* 

SUPII.II 

: t 


ion 

an 

d the 

Wh 

i.'M Short 

(' 

oir 



\d. 

In <^s all in<|uini 

I - to 













'I'ln: Ki- 

CIS'l 

li \ R , 

Pnlh 1 

in 

W 

."h 







rm: exper 

fxir: 

\' l ' s'l 

V' 

I’KiX". 










I’he Agr 

Il uhu 

i.d 1 

via 

1 lint 

in 

S( 

ilion 

at 

Pullm m, 

P 

‘n\ .1 

illnp. 

Lmil 


md Pros'- 

■ 1 1 














The Engimenng' iCsptiiimnt Station it Pullman. 

liX'J'FNSlON .SIvKVICP. imdi r tin N.itii.’i d Smith l.eyiT Ait. n; m 
i h«irge of the di mop' tr ilion md t oi rt ~.iioMdi m e \m»iIc in .XgtrKultiire, 
Home JCcoTionm s Bovs’ .md (iiiD' 4-11 C'luh W’orl;, .mil ("ounty 
Wot k. Address d'!u Din i tor 

Till': DIVISION oi' C.l'.Xi:K‘\T. COUjair: KXTi:NS 10N gpves tone- 

spondeine eoursi ^ fm i olh vi ciedif, organi/i s eNtension t lasses, 
supplies lectures .arnl tdusation.il niotTon pit tun films 
Address* The Dirt i tor 


MANY DEPARTMCNTS PUBLISH SPEC'] AT. B0C>K1.ETS 



MONTHLY BULLETIN- 

OF T«E STATE COLLEGE OF WASHINGTON 
€ « « PULLMAN, WASHINGTON » » » 


Vol. X X Ja n uary. 19 38 No. 8 

Physical Properties of Magnesium Alloys 

No. 2~Physical Changes Accom- 
pan 3 nng High Temperature 
Annealing of a Mag- 
nesium Alloy 

by James G. McGivcrn 

Assistant Professor of Mechanical Engineering 


ENGINEERING BULLETIN No. 52 - 
ENGINEERING EXPERIMENT STATION 
H. V. Carpenter, Director 


FUBLlBHItD BT 1!!HB STATS OOXiLBOS OW WASH1K0TOM 


Entered as second-class matter September $, ipxg, at the postoffice at 
Pullman, Washington, under Act of August 24, 191 a. 





Th» SKaXHEBRIKa ICXTOBIMSKT StATlOK of BimU CoUeg# of Ifiiili* 
Uifton wof oniobiltlied on tlio oathority of tho' get pwttod hr tlio flnt LogtoloiiUfo of 
tho Stole of Woeliiagloii, Moroli 28, 1880, whleh ettoblielied o Stole J^trtetiltichll 
OoUege ond S^ool of Seieoce,** and inetrueted iti ooiaiiiUeioa "to former toe 
applioation of toe prin^plee of physioa! seienee to Indnetrial pnrspite.** The tpivii 
of toil act hai 1)60X1 followed out for many ream by the Khginee^diig Staff, which 
hai carried on 'ezperimentol InTestigatlone and publllhed the reinlti la the fom of 
bnlletine. The dnt adoption of a definite program in Engineering research, with an 
appropriation for its maintenance, was made by the. Board of Eegenta, Jnne 81st 
1811. This was followed by later appropriations. In April, 1810, this department 
was officially designated, Engineering Experiment Station. 

The scope of toe Engineering Experiment Station eorers research in ongineeting 
problems of general interest to toe citisens of toe State of Washington. The worh 
of the station is made available to tbe public through technical reports, popular bnl- 
lotins, and pnblio service. The last named includes tests and analyses of coal, 
tests and analyses of road materials, calibration of electrical instruments, testing 
of strength of materials, efficiency studies in power plants, testing of hydraulic 
machinery, testing of small engines and motors, eonsultotion with regard to theory 
and design of experimental apparatus, preliminary advice to inventors, etc. 

Bulletins available arc listed on pages 30 and .ii* 

Requests for copies of toe engineering bulletins and inquiries for information 
on engineering and industrial problems should be addressed to The Engineering 
Experiment Station, State College of Washington, Rullman, Washington. 

The control of the Engineering Experiment Station is vested In the Board of 
Regents of toe State OoUege of Waahingtox^ 

BOARD OF BBOBHT8 

Honorable Clarence D. Martin, Governor of the State, Advisory Member 


(Rx-officto) Olympia 

S. Am Kimbrough— - „...Spoka«e 

B. A. Per ham ...... — Yakima 

Charles W. Orton Sumner 

George Gannon. — Pullman 

Arthur W. Davis — Spokane 

E. O. Holland, Secretary Ex-oflicio, President State College ^...Pullman 


SKOlKBEBma BZPSBIMBNT STATION STAFF 


E. O. Holland, Ph.D., President 

Homer J. Dana, M.S., M.E, Assistant 
Director, 

R. D* Sloan, M.S., E.E.> Electrical Ap< 
plications. 

Harry F. Rickey, B.$., Electrical Stand* 
ardisation and Electronics. 

E. B. Pafker, M.S., Mechamtal Design. 

G. E. Thornton, M.S., M.E., Welding. 
Refrigeration, Heating and Ventilat- 
ing. 

H- H. Rangdon, M.S., Steam Power, 

A. E. Drucker, B.S., Metallurgical Engi- 
neering. 

G. E. Ingersolb E.M., Mining Engineering. 

James 0. McGivern, M.S., Ed.M., Engi- 
neering Materials. 


H, V. Carpenter, M.S., Director 

Morris K. Snyder, B,S., Municipal and 
Sanitary Engineering. 

Howard E. Phelps, C.E., Highway En- 
gineering. ^ 

Charles I^. Barker, M,S., Hydraulics. 

Frederic W. Welch, C.E.* topographical 
Engineering. 

Stanley A. Smith, B.S., Arch., Architec- 
tural Engineering. 

R. J. Smith,' M.E., Agricultural Engi- 
neering. 

Dare Chrismgn Todd, Pb.D., Chesdeal 
Engineering. 

Paul A. Anderson. Ph.D„ Physics. 



Physical Properties of Magnesium Alloys 

No. 2- Physical Changes Accom- 
panying High Temperature 
Annealing of a Mag- 
nesium Alloy 

by James G. McGivern 

Avsistaiil 1 ’t < (»f AUnhatncal ICni^inecring 


ENGINEERING BULLETIN No. 52 
ENGINEERING EXPERIMENT STATION 

H V Carpenter, Director 



TABLE OF CONTENTS 


Introduction 3 

Principle of Heat Treatment 4 

Physical Tests and Measurements 6 

825**? and 800° F Anneal 8 

775°F Anneals 16 

725°F and 67S°F Anneals f 21 

6S0°F and 600°F Anneals 23 

Relation Between Characteristic Strength and Yield Values 28 

Acknowledgements 29 


2 



PHYSICAL CHANGES ACCOMPANYING HIGH 
TEMPERATURE ANNEALING OF A 
MAGNESIUM ALLOY 

By James G. McGivcrn 
Introduction 

Magnesium alloys with their high strength, light weight, and 
ability to be cast, rolled and extruded are being increasingly used 
for structural purposes. These alloys having a specific gravity of 1.74 
to 1.84 may be classed as the lightest of the commercially used metals. 
They are only two-thirds the weight of aluminum and only two-ninths 
the weight of steel F(^r equal weights their strengths compare favor- 
ably with and, in some cases, surpass our best alloy steels. 

The physical properties of magnesium may be altered by alloying 
it with small percentages of other metals The alloying elements most 
commonly used are aluminum, /inc, and copper, together with a small 
amount t)f manganese to increase their resistance to corrosion. By 
varying the percentages of these elements certain combinations of 
strength, ductility, and hardness may be obtained both for the cast 
and worked conditions It is also possible to control substantially 
the physical properties of certain of these alloys by heat treatment. 

The purpose of this report is to present the results of a study of 
the .efTects of annealing treatments at various temperatures on the 
physical properties of an extruded magnesium alloy containing 8% 
aluminum and 2'/ manganese The data is presented by means of 
curves and tables The curves show the efYect of time of heating at 
the various annealing temperatures on the maximum stress, yield 
strength ( 2^/r permanent deformation) hardness, per cent elongation 
in twt) inches, and the per cent reduction in area The tables give in 
addition the yield strength ( 1 Vr permanent defnrmatitin ) Johnson’s 
limit, uniform reduction in area, true elongation in two inches, and 
the breaking strength on the basis of original area and on the basis 
of reduced area. A short explanation of the heat treatment used, defi- 
nitions of the terms employed, and micro structures and fracture pic- 
tures are also included. 
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Principle of the Heat Treatment 

The dark lines of Fig. 1 give the equilibrium diagram determined 
by Schmidt and Spetaler* and represent the magnesium rich portion 
of the magnesium aluminum series. The line a,b, indicates how the 
solubility of aluminum in magnesium varies from 11% at its final 
freezing temperature to 7% at room temperature. The line has a sharp 
break at 525® F., and shows that for the 8% aluminum alloy being 
investigated there is a temperature range of approximately two hun* 



Fig. 1. Magnesium-rich portion of magnesium-aluminum series. 

dred and fifty degrees between 600° F. and the beginning of melting 
where all the aluminum should, under equilibrium conditions, be in 
solid solution with the magnesium. These temperatures and solubili- 
ties are only to be taken as approximate as the exact nature of the 
curve has not been agreed upon by the numerous investigators work- 

> Schmidt and Spetalcr, Jr. Inst, of Metals, Vol. 88, p. 196. 
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Fig. 2. Difference in microstructure of rods having different initial hardness. Specimen 
A (65 Rockwell E) and B (69..71 Rock. E). lOOX 


ing in that field.* It should also be remembered that diagrams similar 
to Fig. 1 are determined for equilibrium conditions and do not hold 
exactly for metals in the strained state. 

The material as received is an extruded rod that was worked at 
a temperature sufficiently high to cause most of the aluminum to be 
in solid solution with the magnesium.* Alt the rods are not alike with 
respect to the amount of aluminum in solution or as to grain size. 
Figs. 2a and 2b give the micro-structure of longitudinal sections cut 
from two different rods in the as received condition. The precipita- 
tion for the one specimen is not so evident and is confined to the 
grain boundaries and along the inclusion stringers. The second speci- 
men, Fig. 2b has considerable precipitation and a smaller grain size 
and has a hardness of 69 Rockwell E as compared to 65 for the other 
rod. 

By anealing for various time intervals at temperatures between 
600® F. and 825® F. as indicated on Fig. 1, one function of the annealing 
process will be performed. This consists in causing all the aluminum 
to be soluble in the magnesium and means the breaking up of the hard 
intermetalHc compoung MgiAU which formed with the previous pre- 
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cipitation of the aluminum at the grain boundaries and along inclusion 
stringers. 

The other function is to relieve the metal of the effects of the 
strain hardening associated with the extrusion process. This is ac- 
complished by heating at a temperature sufficiently high to cause 
new grains to become visible under the microscope which indicates 
a change from the strain hardened to the annealed state. The tempera- 
ture of recrystallization is not a constant for each metal but becomes 
lower as the amount of previous cold working increases, as the tem- 
perature of the working low^ers, as the metal becomes purer, as the 
grain size prior to deformation decreases and as the time of exposure 
at the temperature incracses. The lowest temperature of recrystalliza- 
tion for severely plastically deformed pure magnesium is quoted as 
302°F.^ which is well below our lowest annealing temperature of 
600° F. Grain growth accompanies recrystallization and is used along 
with the various tests to measure the degree of strain relief. 

PHYSICAL TESTS AND MEASUREMENTS 

For the determination of the tensile properties the standard twt>- 
inch gage length specimen having ,a 505 inch diameter was used.'^ 
Three-quarter inch fillet radii was found necessary to prevent failure 
at the ends and polishing with magnesium oxide was helpful. 

The threaded ends of the specimens were screwed into spherically 
seated chucks which were fastened by wedge shaped grips to a 200,000 
capacity Richie screw machine. A loading speed of 022 inches per 
minute was used to failure. Strain readings corresponding to load 
increments of 150 pound loadings (750 Ibs/sq.") were taken on a “Fast 
Word” OLson extcn»ometcr having divisions representing one-fifteenth 
of a thousandth of an inch extension in the tw^o inch gage distance. 

The stress strain diagrams of magnesium alloys are characteristic 
of those of brittle materials and exhibit a smooth curve of gradual 

2 See for discus.sion- McGivcrn, J. G., and Wilkinson, C. A. “Precipitation Hardeninjj: 
of a Mg. Alloy containing 8 % Al “ State College of Wash., Kng. Exp. Sta. 
Bulletin 60, July. 1937. 

* Gann, J. A. “Magnesium-Indu.stncs Lightest Structural Metal," paper presented at 
Western Metal Congress, San Francisco; Feb. 17, 1931. 

♦Jefferies, Z. and Archer, R. S., “Science of Metals," p. 86, McGraw-Hill Book Co., 
New York, 1924 

® Proceedings of Am. Soc. of Te.sting Matrs. Part I, p. 967 (132); also see 1934 
Book of A.S.T.M. Tentative Standards, 
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curvature at the region of yield as shown in Fig. 3. Materialb of this 
type have no yield point in the sense that the yield point is that stress 
at which there occurs a marked increase in strain with little or no 
increase in stress. In the absence of this factor, and due to the ex- 
treme amount of time and number of accurate measurements neces- 
sary to determine the elastic limit, other methods for determining the 
safe working stresses are employed. The more commonly used of 
these are the yield strength, Johnson’s limit and the stress correspond- 
ing to a specified total strain. 



Fik. 3. Diagrams illustrating determination of yielding 
characteristics. 


Tln’ Vielil Stren})th is th.it stress at which the material exhibits a specified perma- 
nent set upon removal of the load The amount of this set corresponds to the value 
of plastu >ielding above which there is danger and below which the effects may be 
considered negligible When the stress strain curve breaks away very gradually and 
shows no flattening tendency the yield strength will vary considerably with the amount 
of permanent set used In this work the .stresses corresponding to a permanent set 
of 0 20 of one per cent and also of 0.10 of one per cent of elongation in the two 
inch gage length are reported with only the .20 per cent value represented on the 
curves. The actual determination of the yield strength is illustrated in Fig. 3b 
where “o,h” is the specified permanent set and “be” is a line parallel to the modulus 
line “oa” and intersects the stress strain curve at “d” giving the yield .strength 
represented by “S.” 

Johnson's Ltnnt^ is that stress where the rate of deformation of the material is 
50% greater than it is at the origin. Fig. 3c shows the method of determining this 

•Johnson, J. B, “Materials of Construction” 0th Kd., p 10, 1926, John Wiley and 
Sons, Inc., New York City. 
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value. The line **g>h** represents the slope of the modulus line at the origin and line 
has a slope 50% greater than '*g,h** and is tangent to the stress strain curve at 
“K** which gives Johnson’s Limit. The line “ij” is parallel to “g,r* which was drawn 
by making “m,!” equal to 1.5 of **m,h.” 

The Stress Accompanying a Specified Strain is the easiest value to determine and 
when once justified does not require the taking of stress strain values with the ex- 
ception of the one strain and corresponding stress reading. The greatest value of this 
method is that many times it is possible to find a close correlation between this value 
and the yield strength which when once established reduces the time of testing. The 
stresses corresponding to strains of .70%, .75%, and .80% elongation have been 
recorded as these values are well up on the knee of the curve and appear to have 
value. These stresses are represented in Fig. ja by S 4 , S,, and S, respectively. 

The hardness values recorded are read on curved surfaces of the test specimens 
using the Rockwell K scale. These readings gave a sufficient range to insure good 
accuracy but may easily be converted to corresponding readings on other hardness 
scales.^ The readings on the curved surfaces may be converted to corresponding 
readings on flat surfaces.* 


825'*F. and SOO^’F. Anneal 

Oxidation. Referring to Fig. 1 shows the 825®!". temperature to 
be very close to the beginning of ‘melting and unless provided for, 
excessive oxidation would take place. Covering the specimens with 
iron filings protected them so that no noticeable effects could be 
detected on the polished surfaces. A comparison between a few pro- 
tected specimens (designated 1) and those exposed to the furnace 
atmosphere (designated 2) is given in Table I. 


TABLE I 



Time in 
825® 
Furnace 

Hardness 

after 

Annealing 

Hardness 

after 

Failure 

Yield 
Strength 
. 02 % Set 

Max. 

Stress 

Per cent 
reduced 
in area 

Per cent 
Elong. 
in 2 ^' 

1 

4 Hrs. 

61,0 

76.4 

25,800 

43,000 

28.10 

23.0 

2 

4 Hrs. 

57.5 

747 

30,750 

44,600 

17.70 

17.0 

1 

7 Hrs. 

59.8 

76.2 

27,200 

43,950 

22.80 

17.85 

2 j 

7 Hrs. 

58.9 

76.0 

28,500 

44,300 

15.40 

14.0 

1 

10 Hrs. 

60.8 

75.9 

28,800 

44,500 1 

19.40 

16.3 

2 

10 Hrs. 

56.6 

72.0 

43,600 

43,600 1 

' 11.75 

12.0 


* Petrenpo, S. '’Relationships Between Rockwell & Brinell Number,” Tech. Paper 

of Bur. of Std. No. 834, January 10, 1927. 

• See for discussion — McGivern, J. G., and Wilkinson, C. A. “Precipitation Hardening 

of a Mg. Alloy Containing 8 % Al.” State College of Washington Eng. Exp. 
Sta. Bulletin No. 50, July, 1987. 
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Increase in Ductility with Beginning of Annealing. The changes 
in the physical properties accompanying various time anneals are 
given by the curves of Figs. 4 and 6 and by Tables II and III. These 
readings are for specimens that were protected against oxidation and 
quenched in water at 70®?. after having been held in the furnace the 
specified time. The time necessary for the specimens to come to 
temperature was twenty minute.s. The initial hardness readings were 
those taken after quenching but prior to testing. 



Figf. 4. Phywcal properties accompanying 825 ®F. anneal. 

The curves of Fig. 4 and 6 show that there are some changes in 
the ultimate strength with time, and a greater change in the yield 
strength. The greatest changes are to be noted in hardness, percent- 
age reduction of area and per cent elongation. For the 825“ F. anneal 
and for the 800“ F. anneal there is a decided increase in ductility in 
the first four hours and the first six hours respectively. The percentage 
reduction in area increases to 28% and the elongation to 21.5% for 
the 825“ F. treatment while for the 800“ F. anneal the respective values 
are 30.0% and 20.0%. 

During this time two things are taking place. The first is the re- 
crystallization of the previously extruded material. This recrystalliza- 


9 



TABU II (825® f- inw*l) 
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tion is intimately associated with grain growth and the elimination of 
the directional characteristics of the alloy. Prior to annealing, this 
material, having a hexagonal space lattice with one plane of easy slip, 
has a preferred orientation and many directional characteristics cotn- 
mon to a single crystal.** The second is the breaking up of the hard 
intermetallic compound MgsAh and causing the aluminum to go into 
solid solution. The rate of solution anneal is dependent upon the rate 
of strain anneal as the author found the solution anneal of an a^ed 
specimen free from strain hardening to take ten minutes as compared 
to ten hours for a strained specimen. 

Micro-structures and Dissolving of Precipitate. The visible disap- 
pearance of the precipitated particles during the first five hours of 
heating at 825 ®F. is clearly seen by referring to the micro-structures 
of Fig. 5. This change along w'ith the strain relief associated with re- 
crystallization would account for the initial increase in ductile 
properties 

There was some difficulty in revealing the micro-structures after 
heating at these annealing temperatures This was due to the pre- 
cii)itated particles at the grain boundaries going back into solution 
first and making the etching ineffective. By reheating at 250® F. fol- 
lowing the quench from the annealing temperature, sufficient repre- 
cipitation took place to make etching with a 2% solution of oxalic acid 
effective The temperature 250° F is well below the recrystallization 
temperature and docs not affect the grain size Kxcept for anneals 
of five hours or more the reheating was not necessary to bring out 
the precipitated stringers but was used for grain boundaries only. 
The time of reheating varied from twenty minutes up to two hours 
depending upon the time and temperature of the previous anneal. 

Recrystallization. The recrystallization taking place during this 
initial softening is evident for the 825° F anneal by referring to Fig. 5 
which shows there to be decided grain growth, particularly after five 
and one half hours. In addition, for this same temperature anneal 
two cubes were cut from a } 4 " diameter rod in the received condition 
and two more from a rod that had been annealed 5)4 hours One of 
these cubes in each set was compressed in a direction parallel to its 

® Schmidt, W., “Kristallstruktur und praktischc WerksioffKestaUunR am Beispiel des 

l^lektronmetalls.*' Zeitschrift fur Metallkunde, Vol. 25. Oct. 1933, 
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Fig. 5. Changes in microstructure for 826®F. annealing. Specimens A, B, C and D have 
been held at annealing temperature %hr, 2 hrs, 5 54 hrs, and 11 hrs. respectively. lOOX. 
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axis and the other two were compressed perpendicular to the original 
rod axis. For the two untreated cubes the modulus of elasticity for 
the parallel direction was 1.45 times greater than for the perpendicular 
compression. The annealed set showed no such diflFerence, the two 
stress strain curves practically coinciding. The yield strength (.20 set) 
for the untreated set gave 23,400 Ibs./sq." for the parallel direction and 
19,350 Ibs./sq." for the perpendicular direction. By using the modulus 
line of the parallel compression test to determine the yield strength 
for the perpendicular test the value of 19,350 Ibs./sq." would be re- 
placed by 9,000 Ibs./sq." The yield strengths of the annealed cubes 
were 16,550 Ibs./sq." for the parallel specimen and 14,600 Ibs./sq." for 
the perpendicular one. The modulus lines for these specimens were 
but 12% lower than for the lowest of the original specimens. 

Ductility Changes Following Initial Rise. Reference to Figs 4 
and 6 shows the initial rise in ductile characteristics to be followed by 
a drop which goes through a minimu^i at from nine to eleven hours 
A decrease is to be expected with increased grain size but the dip is 
not clearly understood. This dip is more pronounced for the 825° F. 
and 800° F. anneals than for lower temperature ones. It is also more 
pronounced for the per cent reduction in area than for the per cent 
elongation in length. Fig. 5 shows that for the first part of the dip 
there is a gradual increase in grain size with all grains growing at the 
same rate. This mechanism of grain growth docs not continue, as 
from then on the slightly larger and more stable grains absorb the 
smaller ones. This results in a mixed grain size until at ninety hours 
practically all the originally uniform sized grains have been absorbed 
and the structure again presents a relatively uniform appearance. 
This, however, can hardly account for the decided changes given in 
Figs. 4 and 6. More work is to be done on this part of the curve and 
if it can be assumed that the mechanism by which the precipitate goes 
back into solution is the inverse of the precipitation phenomenon, 
then P'ig. 2 of the work of Cohen® on the precipitation of a silver 
rich alloy may aid in understanding the problem. Both the magnesium 
aluminum and the silver coper alloys exhibit the same aging charac- 
teristics with the exception of the incubation periods. The aging of 

® Cohen M., “Aging Phenomena in a Silver Rich Copper Alloy," Tran.s. of Am. Inst, 
of Min. & Met. Kng., Vol. 124, 1937. 
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these systems arc best explained by a combination of the knot and 
precipitation theories. 

Ultimate and Yield Strengths. Tables II and III give many mea- 
sures of ductility, yielding, and failure which arc being recorded here 
as a matter of record. They will be correlated in a later bulletin with 
the same properties corresponding to higher hardness values, thereby 
giving a larger range and making relationships more significant. The 
meaning of all of the items recorded are evident with the possible ex- 
ception of items 7 and 8 

Item 7 refers to the percentage reduction of the diameter removed 
from the finally localized necked section and is the per cent reduction 
of the uniform section at the maximum strength and just prior to the 
necking. This makes possible the determination of the true stress 
corresponding to the maximum load. Item 8 gives the per cent elonga- 
tion as.sociated with a specimen having a uniformly reduced diameter 
equal to the small diameter measured at the small end of the necked 
section. 

1 he relative values for the strengths at failure and at yielding for 
the two temperatures are given by comparing Fig. 4 and Fig. 6. Fol- 
lowing the first few hours these values remain practically constant for 
the 800® F. anneal, but the higher temperature shows more irregularity, 
hor the 825® h anneal the yield strength is 67.2% of the maximum 
with a mean deviation of 6.17%. For the 800® F. treatment the yield 
strength is 63 7Vc of the ma.ximum stress with a mean deviation of 
1.67%.. 

Compressive Strengths. For the 800® F. anneal, compression tests 
were made on three-quarter inch diameter specimens having lengths 
equal to three times their diameters, their yield strengths averaged 
66% of the yield strenglh.s in tension of specimens subjected to the 
same heat treatment. Their maximum strengths were 150% of the 
maximum strengths in tension, and the failures were in all cases shear 
failures. 

Fractures. The types of fractures obtained after testing specimens 
subjected to the 800® F. anneal for various times are given in Fig. 17. 
These specimens vary, some being practically pure shear failures and 
others show a combination shear and tension break. These latter are 
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Fig. 7. Physical properties accompanying 775® F. anneal, (initial hardness 60). 


tABU n (775® r. iooMl iBitlAl HaHMSt 69 iMkMXl t) 


1 

flat 

Brt. 

taltUl 

MM 

yiMi 

Bud- 

Mtt 

% 

Ufloc. 

% 

fitd. 

( Ibklf. 
ited. 

fi mr. 

Elo^;. 

Tltld 

atr. 

.2Jf 

Tltld 

Str. 

John. 

■on't 

Tltld 

.li 

Tltld 

.75^ 

Tltld 

Tltld 

Muc. 

Sterttt 

BrtaJc' 

iat 

Strttt 

Btrta* 

on 

FlMl 

Artt 

1 

0 

69.0 

78 J* 

MM 

11.9! 

10.2 

Ih 

29500 

30750 


32000 

32300 

32750 

liW| 

IS 


2 


65.1 

77.6 

Kh<1 

19.9 

19.3 

2h.5 

29100 

31250 


32100 

32500 

32850 




IS 

1 

63.6 

78.0 


21.0 

U.2 

26.5 

30850 

31750 


31250 

51750 

32300 




3 

3* 

6ii.6 

73.5 


21«3 

10.2 

27.0 

50500 

31250 


31200 

31750 

3a50 




h 

3 

^.a 



20.9 

15.6 

26.5 

30000 

32100 

27000 


32750 

53000 


SS 

& 

5 

u 

62.7 

75.0 

15.0 

19.9 

10.2 

25.0 

28250 

291*00 

25500 


29000 

29500 



SiMiii 

12 

Tt, 

62.0 

77.5 

17.0 

19.6 

12.3 

24.5 

31850 

32750 


iS 

52250 

32500 




25 

X2i ^ 

60.6 

7U.5 

16.5 

17.2 

12.6 

23.5 

31250 

33000 



33250 

33750 

1*1*800 



6 

15-34 

61.3 

77.0 


20.6 

12.2 

aS.o 1 

31250 

3I8OO 



31350 

31700 

weoo 



B 

20.!Vt 

60.2 

70.6 


20 

11.3 

25.0 

28750 

29000 

232 


28850 

29000 

1*1*700 


ss 

U 

SS 

61 

79 


17.5 

12.2 

21.0 

32250 

33250 


w 

32750 

53200 

1*4500 

Em 



hi* 

59.9 

77.2 


19.5 

15.2 

24 1 

31600 

31850 



32500 

37750 

43600 

SS 

mm 


8tr»si oa 

at Uut. 
Load 


55C100 

511*00 

ii9700 

521*00 

30000 

52100 

51500 

51200 

50500 


characterized by a large .shear lip on the outside which is seldom com- 
pletely round to give a typical cup and cone type of fracture. On the 
extreme ends are compression specimens which show a pure shear 
failure. The maximum strength in all cases appears to be dependent 
upon the shear strength. 

775 ®F. Anneals 

Comparing Fig. 7 and Table IV with Fig. 8 and Table V, the effect 
of initial hardness on the annealing at 775*’ F. is illustrated. Figs. 2a 
and 2b show the difference in micro-structures of these two materials. 


16 























14 6 8 0 o Tf i /f ^ 7i 84 i6 

AMJtAtm TtML-HOUftS 

Fig. 8. Physical properties accompanying 776®F. anneal, (initial hardness 65). 



Fig. 8 which represents the annealing of a specimen of relatively 
low initial hardness (65 Rockwell E) shows a peak in the per cent 
reduction in area and per cent elongation which occurs with only 
one-half hour of heating as compared with the four and six hours 
needed for the 825* F. and 800*F. treatments and two hours for the 
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r. lOOX. 
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775® F. for material represented by Fig. 2b. The short time necessary 
is due to the relatively small amount of precipitate that needs to be 
dissolved as compared to the amount pictured in Fig. 2 for the material 
whose annealing characteristics are given in Fig. 7. Fig. 8 shows more 
of a dip in the ductility curves than does Fig. 7. 

The maximum stresses and yield strengths do not vary a great 
deal with time. In the material of Fig. 7 the yield strength equals 
70.4% of the maximum with a mean deviation of 2.26%, while for 
the other material the percentages are 73.3% and 2.1%. 

The grain growth for these two materials is illustrated in Figs. 
9 andlO. The actual increase in size of grains with time is given for 
all the anneals in Figs. 11a and 11b. 



Fig. lla. Grain growth as inHuenced by annealing time. 
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Fig. lib. Grain growtli as influenced by annealing temperatures. 


725"F. and 675"F. Anneals 

The changes in physical properties corresponding to these anneal- 
ing treatments are given in Figs. 12 and 13 and in Tables VI and VII. 
The initial increase in ductile properties are similar to those for the 
previous heat treatments but the reduction following this first rise is 
much more gradual than in the previous tests. The dip is not evident 
for the 725® F. anneal but for the 675® F. treatment the area reduction 
does show some dip, but the per cent elongation has but a slight dip- 
ping effect. 
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Fig. 12. Physical piojieitic.s accompanying 725 ‘’F. anneal. 


TABLE VI ( 725 ® P. Aiuwal) 
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The changes in micro-structures accompanying the 725® F. anneal 
are given by Fig. 14. In this case the time of complete rccrystalliza- 
tion is delayed because of the lower temperature employed and the 
rate of dissolving which is dependent upon the strain relief is also 
delayed. 

Fig. 11 shows the slow rate of grain growth associated with this 
treatment as compared with those obtained for the high temperature 
anneals. 

The average yield strength (.20%) for the 725 %F. temperature 
is 71.7% of the maximum stress with a mean deviation of 3.2% while 
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Fig. la. Physical propeities accompanying 675 ''F. anneal. 
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the corresponding values for the 675®F. anneal arc 72 25% and 1.22%. 

650®F. and 600®F. Anneals 

Referring back to Fig. 1 it is seen that these temperatures are but 
slightly above the solid solubility curve and are border line cases be- 
tween the case of solution treatment and aging. 

Fig. 15 and the Table VIII give the changes for the 650° F. treat- 
ment and show softening to take place with a very gradual increase 
in per cent reduction in area and percentage elongation The maximum 
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Fig. 14. Changes in microstructurc for 726 ®F. annealing. Specimens A, B, C, and D hare 
been held at annealing temperature 6 hrs, 20 hrs, 42J4 hrs, and 9054 hrs respectively. 


lOOX. 
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Fig. 15. Physical properties accompanying 650® F. anneal. 


TABLE VIII (65lf F. AiUMl) 




9.21 17.5 
7.09 13.7 
11.65 16.0 
15, U5 18.2 

W 30.0 

12.70 lih.O 
12.70 25.8 

14.8 39.0 

10,7 17.0 

15.9 56.0 
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16.6 43.0 


32000 53250 
29300 30250 
32000 52750 
28250 29000 
32750 53400 
26200 27500 
25750 26600 
27250 28350 
29100 29750 
26500 27490 
26^0 28000 
26000 26200 
24750 25750 


29750 32250 
27000 29000 
29750 51750 
25750 28350 

30750 32600 
23000 27400 
23250 25600 
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23750 26700 
25250 27500 
21500 28250 
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32800 33350 

29500 29750 
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33000 33300 
27850 28250 
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28200 28500 
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28000 28500 
28500 28750 
26000 26150 


45600 45600 
1^200 44800 
45000 44700 
44600 41500 
44600 

43800 39800 
43800 4X600 
44300 41300 
44450 43200 
44400 41100 
43800 42100 
43800 41500 
4^ 41500 


52100 1^00 
50700 48600 
52800 50900 
53000 55100 
50600 I169OO 
57200 50000 

53700 50300 

57000 52000 
50500 49500 
64000 52800 
59400 50200 
59700 51600 
56600 50500 


values of these quantities are higher than for any of those of the 
previous treatments although the points deviate from the average 
curve much more. For this case the yield strength is 66.0% of the 
maximum stress with a mean deviation of 3.6%. For the 600® F. treat- 
ment these figures are 72.0% with a mean deviation of 1.13%. 

Fig. 16 and Table IX give the values for the 600® F. heat treat- 
ment and show this temperature to be just on the border line between 
solution treatment and aging. There is a very slight increase in hard- 
ness which would indicate some additional precipitation and possibly 











Fig. 16 . Physical properties accompanying 600 “ F. anneal. 
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some over-aging with the long time anneal. Aside from the initial 
increase in ductility associated with relief of some of the strain hard- 
ening associated with the extrusion process, the per cent reduction in 
area and per cent elongation remain practically constant The micro- 
structure for this treatment showed practically no change with the 
time of ancaling. 

The difference between the 650®F. anneal and the bOO^F. anneal is 
further illustrated by the types of fractures obtained. The fractures of 
specimens heated at 600^". varied very little with time of heating and 
are represented in Fig. 17. The 650“ F. treatment shows a shear frac- 
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Fig. 17. Fracture pictures for 800° F., 6.50° F., and 600° F. annealing The numbers refer to hours at annealing temperature. 



ture which is to be associated with a solution anneal as the MgaAl* 
particles which offer resistance on the potential planes of slip are 
dissolved. This difference is also evident in the difference between the 
percentage reduction of the final area, and also of the uniformly 
reduced area. The average of a group of specimens that were given 
the same time of heating at the respective annealing temperatures 
shows the 650® F. specimens to have a 25.7% reduction on the basis 
of the final diameter and 12.8% reduction on the basis of the uniformly 
reduced diameter. The corresponding figures for the 600® F. treatment 
are 16.6% and 10.2%. 

Relation Between Characteristic Strength and Yield Values 

Using the maximum strength as unity, the following table gives 
for the various annealing temperatures the yield strength and failing 
stresses expressed as a percentage of the maximum strength. 


TABLE X 
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63.7 

53.6 

62.8 

63.8 

65.2 

100. 

96.3 

129 6 

' 115.3 

775® F. 

67.5 

70.4 

62.4 

70.3 

71.5 1 

73.3 

100. 

97.2 

1210 

' 114.0 

725®F. 

68.8 

71.7 

62.1 

69,0 

70.6 

71.3 

100. 

96.0 

121.0 

’ 112.0 

675®F. 

71.6 
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63.4 
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113.6 

600® F. 

69.4 

72.0 

63.5 
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* 71.3 
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' 98.0 J 
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The above table shows a definite relation between the maximum 
strength which is based on the original area and the true stress at 
maximum load. The true breaking stress and the breaking strength 
on the basis of the original area also bear a. definite relation which 
may be of value in trying to explain failure due to combined stresses 
on the basis of simple tension stresses. A comparison of the last two 
columns shows that after the specimen ceases to reduce uniformly 
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along its length and necking starts that the additional cold work as- 
sociated with the localized flow increases the average true stress ap- 
proximately 10%. For the experiments conducted, this maximum 
average true stress has ranged from 45,000 lbs./sq." to 60,000 Ibs./sq." 
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CHECK LIST OF WEIR FORMULAS 

For Rectangular Sharp-Crested Weirs Without 
End Contractions 

With Experimental Verification for 
Heads Up to 0.5 ft. 

By James G. Woodburn 

"J'his hiilU'tiii IS an oiitj^row th of the need the unter has experi- 
enced in teaching college classe*^ for a more complete statement of 
weir formulas than is ^iven in any textbook on hydraulics The funda- 
mental theory of weir discharge is usually coveted satisfactorily hut 
the mternatinnal inultipluity of formulas and (*\periments is lar^eK 
omitted and statement is made of (»nly one or two formulas which 
are favored by tlie authoi <if the book The student is too often led 
t<t btluM' that the stated formula applies with equal accuracy to all 
si/es of vveiis throughout the entire ram»e c»f heads That this conclu- 
sion niav be wide of the truth, especially with certain formulas which 
have been presented as authentic st) often as to have become almo>t 
classical, is borne out by many ])revious experiments, as well as b\ 
the experiments re])orted in this bulletin on a weir in a j^lass-sided 
Hume 1 ft wiele for heads up to 0 5 ft 

The bulletin presents, with brief statement of theory, 11 formulas 
for flow of w^ater over rectangular sharp-crested weirs without end 
contractions Statement is made of the basis of each formula, whether 
derived fioin tests conducted by its proponent, or from study and 
analvsis of tuher experimenters’ data and formulas. If the formula i*^ 
based directly on tests, data are given regarding the number of tests, 
height and length of test weir, range of test heads, and method t)f 
measurement of flow', so far as the writer has been able to gather such 
data from the publications available. 

The original test data presented in this bulletin have been obtained 
over a period of six years in the Hydraulic Ivaboratory of the State 
Chdlcge of Washington. Most of the tests were made by classes in 
experimental hydraulics under the supervision of the w'riter Some 
were made by the waiter with laboratory assistants 
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SUMMARY OF TEST RESULTS 

The data of 111 tests are presented in graph ical form to show 
the accuracy of each t)f the formulas given in the check list, for this 
weir 0.823 ft. high in a glass flume 1 ft. wide with heads up to 0 5 ft. 
A picture of the w'eir and flume is shown in Figure 1. Tlic tests 
indicate : 

(1) Two formulas in the list — Harris, and Rehbock-1912 — arc out- 
standing in accuracy, particularly for heads from 0 10 to 0.50 ft. 
In 102 tests in this range, the average correction to be applied to re- 
sults computed by the Harris formula to give the measured flow was 
0.09 per cent, and for the Rehbock 1912 formula 0.05 per cent The 
Rehbock 1929 formula appears to be only slightly less accurate 

(2) The Cline, and Fteley and Stearns formulas are not quite as 
clo.se to the line of zero correction* but for heads from 010 to 0 50 ft 
have an average accuracy within of 1 per cent. 

(3) The older “classical” formulas, for instance Francis and llazin, 
are not in the same class of accuracy as the above five formulas, f(^r 
weirs of this size with this range ,of heads. The Bazin formula is 
shown to over-read more than 20 per cent at heads of 0 05 ft and 
over 4 per cent at heads of 0.50 ft. The Francis formula on the other 
hand under-reads more than 5 per cent at heads around 0.05 ft. and 
about 2 per cent with heads from 0.20 to 0 50 ft Other formulas based 
on Francis or Bazin arc likewise in error. 

(4) For the low heads of 0.05 to 0.10 ft the Rehbock, Harris and 
Cline formulas appear to give results within 1 per cent of the mea- 
sured flow. There are, however, not enough test results in this range 
to be conclusive in view of the relatively large per cent i^f error in 
computed results caused by small error in measurement of head 

It is pleasing to note that the two formulas shown to be most 
accurate are the easiest of all 11 to apply to the computation of weir 
flow 

Some years ago following international discussion of the weir 
method of measuring flowing water many engineers came to the con- 
clusion that so many variables entered into the computation of flow 
over a sharp-crested weir that other devices offered more promise for 
accurate flow measurement. 
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The close agreement of the tests reported in this bulletin with at 
least two available formulas as Avell as the ease with which a weir and 
flume of this type can be designed and built indicate that this distrust 
IS not well-founded and strengthen the writer’s confiideiue that the 
sharp-crested rectangular weir without end contractions is the most 
accurate device yet discovered for the continuous measurement of 
flowing water. 

STATEMENT OF FORMULAS 

The 11 formulas are stated below in order of date of publication 
The nationahty of the investigator is given in each case 
The notation used is 

Q = discharge in cu. ft. per sec. 

H = head on the weir in ft. 

L length of weir in ft = width of flume 
P— height of weir m ft. 

1) = H -f- = depth of water in flume in ft. 

v = \ elocity of approach in ft. per sec 
g = 32 16 ft. per sec. per sec., therefore 

V2i"=:8020 



Fig 2. Side and Front Flevatloiis of Rectangular Weir Without End (Contractions. 
Franci.s (U.S., 1852): 

Q =J.JJL + (^)^] 


Fteley and Stearns (US, 1883): 

Q =3.3/L (//•»• -f o.mL 

The authors give tables for <v, recommending in general for 
suppre.ssed w^eirs a value of 1.5. 
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Bazin (France, 1888): 

Q = (j.z4B + ^ 2 ^) (/ 4- ass -^) if/i 

l^'rcse ((Tciniany, 1890): 

Q= (s.^88 4- (^/ +O.S6-^LHi 

Rehbock ((rcrmany, 1912): 

Q= {s.ZSS4- 0.428 LH^ 

Barnes (ICriKland, 1916): 

Q =3.3a4L‘^^{H*U9^)^'*\L +2 hY^ 

King (U S , 1918) : 

Q = 3.34 [/ 40.56 L 

Swiss (Switzerland, 1924): 

« -■ 

P'or mention of Scliodcr and TnriUM- formula (I'S, 1929) 
see pa^e 17. 

Rehbock (Germany, 1929): 

i?= {3.Z26^0.4JS 

where the “substitute head” 

He-H^O-OOJ6ft 


Cline (Canada, 1935): 


Q = 3.276/L (/.aipsyn^'x/o*" 

where f =1.5064 and H= 
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In loj^arithmic form: 


/o^ -f- = 0.5/54+0.0084 H +/.5(m//^^'/o^ //+KH 

Harris (U.S., 1936): 

<?= (3.27+§-+/.5-§t)i.H^ 

where C \aries with water temperature from 0 023 at 39°]^. n> 
0 018 at 68" F 

FUNDAMENTAL THEORY 

Development c)f the basic formulas for weir discharge dates back 
into the early liistory of hvdraulic theory and can be repeated here 
briefly 

Keferniig to Fig 2, the discharge through the elementary strip of 
area I/dy under head y is 

dQ=L dijyJZgif (1) 

Tin- total tlicoritical discharne i' then 

r p 3 (2) 

Cltj = T'^ 

Application of a coefficient of discharge of 0 62 gives the approximate 
base' formula 

q =3.3 LH'^ 


A more precise fundamental formula is obtained by including both 
\elocity head and statu head on the elementary strip Fuiuation (1) 
then becomes 
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With a discharge coefficient of 0.623, this equation becomes the well- 
known Francis formula with velocity of approach correction: 

Q = J.33L 

Fteley and Stearns and Fames use modified forms of the P'rancis 
formula. 

The form of velocity of approach correction used by Bazin, Frese, 
King, and the Swiss Society of Engineers and Architects can be de- 
rived by algebraic transformation of Equation 6. 

Letting 

(7) 

Hy expansion the quantity in brackets beconie.s 

iW] 

Dropping all terms except the first two and substituting for In its 
approximate value 






the equation for discharge becomes 


where 


= CLH^^ + C,-^^ 




( 10 ) 


If C = 3.3, Cl = 0.25. Test results, however, lead to empirical values 
of Cl from 0.50 to 0.56, with C modified to decrease slightly as H 
increases, with a minimum value of about 3.3 King uses a constant 
value of C of 3.34 with a modified exponent of H. 

Rehbock and Harris correct for velocity of approach by means of 
an additive term instead of a factor, resulting in greater simplicity 
of application. Harris also causes the value of C to vary with the water 
temperature, being the only one of the ten formula writers to do so. 
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The effect of a change in temperature from 39 degrees F to 53^2 
degrees on the accuracy of the Harris formula is shown in Fig. 3. 



Pigr. 3. Accuracy of Weir Formulas. Correction t(i be applied to flow computed 
by formula to give measured flow of the test. Solid lines are drawn to fit 
the 111 test points shown. Dashed lines show effect of variations in formulas. 
Edges of band on Harris diagram are % per cent each way from curve 



GENERAL DESIGN REQUIREMENTS FOR STANDARD WEIR 

Out of 100 years of experiment and thought on sharp-crested weirs 
have come certain fundamental principles of design which are gener- 
ally agreed upon These principles, as they apply to weirs without end 
contractions, are: 

1. The upstream face of the weir plate shall he vertical and smooth. 

2. The crest edge shall be level, shall have a square upstream 
corner, and shall be so narrow that the water will not touch it 
again after passing the upstream corner. 

3 The sides of the flume shall be vertical and smooth and shall 
extend a short distance downstream past the weir crest 

4 The nappe shall be thoroughly aerated. 

5 The approach channel shall be of uniform cross-section for a 
suflficient distance above the weir, or shall be so provided with 
baffles, that a normal distribution of velocities shall exist in the 
flow approaching the weir, and the water surface shall be free 
of weaves or surges 

6 The head shall be measured at a sufficient distance upstream 
from the weir to avoid the surface cur\atur(‘ 

The proponents of the various formulas have in general agreed 
on most of these fundamentals of design They have in some cases 
limited the application of their formulas or modified the general speci- 
fications Such exceptions are noted below under discussion of the 
individual formulas. 

Further studies are needed to determine the tolerance which may 
be granted in each of the above six items of design without affecting 
measurably the discharge of a standard weir Test data and discus- 
sions regarding effect of roughness and rounding of crest, of rough- 
ness of weir plate, and of irregular velocities in the approach channel 
are given in the paper, “Precise Weir Measurements,” by Schoder and 
Turner, with subsequent discussion, in Transactions, American Society 
of Civil Rngineers, 1929 This paper is the most important interna- 
tional symposium on weir mea.surement of flowing water which has yet 
appeared. Water Supply Paper No 200 of the LI. S Geological Sur- 
vey, entitled “Weir Experiments, Coefficients and Formulas,” by R. IL 
Horton, (1902), gives information on early weir experiments. 

Discussions of effects of variation in weir design may also be 
found in standard works on hydraulics and in references given therein 
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It appears that particular study needs to be given to the amount of 
aeration required under the nappe, in order to determine, for the case 
of a weir plate in a flume which continues on for some distance past 
the weir, whether or not suflFicient air can be introduced under the 
nappe through holes in the sides of the flume or by pipes through the 
nappe itself to equal the aeration obtained when the nappe falls free 
in air, as at the end of a flume. Inability to properly aerate the nappe 
c^f a weir in a continuing flume would detract from the usefulness of 
a standard weir under held conditions, since head is usually at ton 
much of a premium to ])ermit of providing a free fall for the nappe 

BASIS OF DERIVATION OF FORMULAS 

Seven of the 11 formulas are based entirely or partly on original 
tests by the proponent of the formula The other four were derived 
from tests and formulas c)f other experimenters The source of each 
formula and, in case of original tests, brief data in regard to si/e of 
weir, range of test heads, and method of measurement of flow are 
given in the following tiages h'urther details may he obtained by con- 
'^ulting the original publication, reference to which is given in each 
case 

FRANCIS 

Reference: Lowell Hydraulic Fxperiments, I) Van Nostrand & 
Co , 4th Edition, 1883 

Basis: ILxperiments in 1852 at canal locks at T.owxdl, Mass Most 
of Francis’ experiments were on weirs wdth end contractions The 
record show^s only 17 experiments on a weir with width of approach 
channel the same as the length of the weir Moreover, in only 5 of 
these tests was there an extension of the sides of the flume past the 
weir 

The length of weir in these 17 tests was 9 995 ft, the height of 
weir W'as 5 048 ft, and the range of test heads was from 0 7362 to 
I 006 ft. 

The head w^as measured with two hook gages reading in w^ooden 
stilling wells, one on each side of the flume and connected by i)ipcs 
to the bottom of the flume 6 ft upstream from the weir Because 
of fluctuations in w^ater surface elevation during tests, amounting 
to as much as 0 03 ft., a mathematical mean was determined for the 
readings of each gage and the average of the two results w^as used for 
the head. 

The flow^ was measured in a timber flume 102 ft. long and 11.6 ft 
wade. A swinging gate diverted flow into and out of the measuring 
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hasin. Time was measured by means of an electrical sounder and a 
marine chronometer. Correction was made for leakage. 


FTELEY AND STEARNS 

Reference: Transactions American Society of Civil Engineers, 1883. 

Basis: Original experiments in 1877-78 in Sudbury Conduit near 
Boston: Tests on weirs without end contractions included: 

(a) 31 experiments on a weir 5 ft. long, 3.17 ft. high, with a range 
of head from 0.0735 to 0.8198 ft., and a range of flow from 0.3652 to 
12.75 cfs. The w'ater temperature was about 36 deg. F 

(b) 10 experiments on a weir 19 ft long, 6 55 ft. high, with a range 
of head from 0.47 to 1.60 ft., and a range of flow from 20 to 130 cfs 
The water temperature varied from 34 to 45 deg. F. 

The head in these tests was measured 6 0 ft upstream frt)m the 
weir. The flow was measured volumetrically in conduits, the volume 
of which was determined by cross-section measurements. The total 
measuring capacity was about 300,000 cu. ft. 

(c) To determine values of the velocity-head coefficient 94 ex- 
periments were made on weirs 5 ft. long with heights of 0.50 ft., 1 00 
ft., 1.70 ft., 2.60 ft., and 3.56 ft., and with a range of heads from 0 1884 
to 0.9443 ft. The water temperature was about 40 deg 1’'. 

Fteley and Stearns state that their formula does not apply to heads 
less than 0.07 ft 


BAZIN 

Reference: Annales des Pont et Chausees, 1888. (Translation by 
Marichal and Trautwine, Proceedings Engineers Club of Philadelphia, 
1890.) 

Basis: Original experiments, begun in 1886, in a canal at Dijtm, 
France. 

(a) 153 tests in which the flow was measured volumetrically; 


Series 

No. of 
tests 

T..ength 
of weir 

Ft. 

Height 
of weir 

Ft. 

Tlange of 
heads 

Fi 

Mean water 
temperature 
Deg. F. 

1 

67 

6.56 

3.72 

0194 to 1.012 

59 

2 

38 

3.28 

3.72 

0.188 to 1.34 

57 

3 

48 

1.64 

3.30 

0.191 to 1.78 

49 


The head was measured in stilling wells, one on each side of the 
channel 16.40 ft. upstream from the weir. The flow was measured 
volumetrically in a channel 656 ft. long, 6.56 ft. wide, with side walls 
4 ft. high. A drop-gate on the weir crest was opened and closed to 
start and stop each test. Before opening this gate the upstream chan- 
nel was filled through headgates to the approximate test head desired. 
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During the test the headgates were manipulated to maintain a nearly 
constant flow. Correction was made for leakage 

(b) 228 tests of weirs of various heights in scries with a “stand- 
ard” weir 3.72 ft. high, to determine the effect of velocity of approach. 
All the weirs were 6.28 ft. long. The heights of the experimental weirs 
were 2.47 ft., 1.65 ft., 1.16 ft., 1.14 ft., and 0.79 ft. The range of heads on 
the standard weir was from 0 297 ft. to 1.48 ft. The range of water 
temperature was from 41 deg. F to 68 deg., with most of the tests at 
temperatures of 50 to 64 deg. F. The flow in these tests was not mea- 
sured volumetrically. 

FRKwSK 

Reference: Zeitschrift \ erein Deutscher Ingenieure, December, 
1890. 

Basis: Study of tests and formulas by Castel, Lesbros, Francis, 
Fteley and Stearn.s, and Bazin. Frese made an extended series of 
measurements on weirs with end contractions, using rectangular 
notches of various lengths in the top of a sliding timber gate in a 
canal lock. Because of the framework at the sides of the canal, on 
wdiich the gate was operated, no tests of full-width weirs were possible 

REHBOCK 

References: Handbuch der ingenieurwivsenschaften, 1912, IIT Teil 
(Wasserbau), II Band, pages 55-61. 

Zeitschrift X'erein Deutscher Ingenieure, 1929. 

Basis: 1912 formula: Original test*; covering a period tif many 
yerrs in the Karlsruhe laboratory. 

Heights of lest weirs: 0.39, 0 66, 0.82, and 1.64 ft Range of heads 
up to about 0,6 ft. Water temperature 64 to 68 deg. F., but no per- 
ceptible effect on coefficient was found when water was cooled down 
to 45 deg. F. 

Out of 170 check tests made in the spring of 1912, only 15 showed 
a variation from the formula of more than per cent, the average 
error, computed l)y the method of least squares, being 0.23 per cent 

Rchbock states the formula is good for heads from about 0 03 ft 
up to 0.8 P, and for all heights of weir above 0.33 ft. 

Rehbock revised the 1912 formula the following year by modifying 
slightly the second term in parentheses, gi\ing it the value 

.0175 

H 

The 1913 formula does not fit the tests reported in this bulletin quite 
as clo.sely as does the 1912 formula. 
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1929 formula; Tt) dev^clop a “homogeneous” formula based on a 
wider range of tests than those at Karlsruhe, Rchbock studied the 
results of 280 tests made by other experimenters in recent years, in- 
cluding Schaffernak in Vienna, Tyindquist in Stockholm, the Swiss 
Bureau of Water Resources at the Amsteg Powerhouse, and Schoder, 
Turner and Jones at Cornell Univ^ersity. 

The range of weir heights in these tests was from 0 50 to 4 00 ft ; 
the range of heads was from 0 0335 to 2 71 ft. 

BARNES 

Reference: Hydraulic h'low Reviewed, E & l'\ N. Spon, Ltd, 1016 

Basis: Study of experiments by ]*'rancis, Boileau, Eteley and 
Stearns, Bazin, University of Wisconsin, and Rafter at Cornell Uni- 
versity. The experiments studied w'^cre made on weirs from 2 5 to 19 
ft. long, with a range of heads up to 6 ft and with a range of jlovvs 
from 0.75 to 319 cfs 

Barnes states as special conditions for use of his formula. 

The height of the w'cii should be at least 2H, w'itli a minimum of 

I ft. 

The tail w^atcr should not rise higher than 3 m below the ( rt'st 

The head should be measured preferably at 6 ft upstream from 
the weir, but apjiarcntly not much error will result it it be measured 
between 6 and 16 ft upstream, provided the channel be smooth and 
the mean velocity not greater than 1 ft per set 

Kixr. 

Reference: Handbook of Hydiaulics, Mc(o*aw-Hill Book hirst 
JCdition, 1918 

Basis: Work and experiments t)f J'Vancis, Fteley and Stearns and 
Bazin, with closer agreement wuth the formula of Bazin than of the 
other two Test data in support of tins agreement w^ere obtained by 
tests of a weir duplicating the dimensitms t)f Bazin’s standard weir 
6.56 ft. wide, 3.72 ft high, w’lth heads ranging from 0 4 to 40 ft 1'he 
w^ater was measured by chemical gaging 

SWISS 

^(Society of Engineers and Architects) 

Reference: Contribution a I’etude dcs Methodes de jaugeage, Bul- 
letin No. 18, Swiss Bureau of Water Resources, Bern, 1926. 

Basis: An extensive series of tests of methods of w^ater measure- 
ment was made in 1922 in the tail race of the Amsteg powerhouse. 
The flow from a turbine w^as measured volumetrically, by current 
meters and by chemical gaging. The head on a weir was read and the 
flow was computed by the Rehbock 1912, Frese and Bazin formulas 
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and by the furtiiula proposed by the Swiss Society, for comparison 
with the measured flow. 

\\)lumetric measurements were made in 71 tests. 1'he range of 
head on the weir wa.s from 0 3S3 to 2.63 ft. The weir w'as 2 62 ft high 
with 9 crest length of 9.8 ft. 3'he usable capacity (jf the measuring 
basin was 5650 cu ft The tests indicated that the Rehhock and Swdss 
formulas were more accurate than the other two and were satisfactoiN 
foi turbine flow measurements under the conditions of the tests 


SCHODKR A.\M) TURNER 

Reference: Transactif)ns American isociety of Cuil Engineers, 1929 

Basis: h'.\tensi\e original tests at Cornell L’niversity 

The formula is* 

G =3.33 L 

w here \ It IS the mean \elucity m the channel of ai)|)roach abov'e crest 
level, \u IS the mean \elocity in the channel of ap])roach below crest 
level 

This fttrmula requires supplementary velocitv measurements in 
the channel of api)r()ach and may be a solutn^n of the jiiobleni of 
accurate flow measun-iiRnl if a standard wen cannot be developed 
If howevtr standards of constriution can be de\eU>ped under which 
a w'eii will ineasuie flow^ accurately, velocity determinations are not 
only unniccssary but also could mn be made without upsetting the 
standard conditions 

Nt> \».locity measurements were made in the tests described in this 
bulletin so tin* accuracy of the Schoder and 'J'urner formula could not 
be delerinined 


CLINE 

Reference: 'Fransactions American vSocietv of Civil Engineers, 1935 

Basis: Mathematical study of results of 805 separate volumetric 
measurements selected from a total of 2438 such measurements made 
at Cornell University and reported by Schoder and Turner in Trans- 
actions A.S.C.E., 1929 The length t>f weir was 4.22 ft, the height 
varied from 0 5 to 7 5 ft , and the range of heads w’as from 0 012 to 
2.75 ft. The head w'as measured 1 1 74 f t upstream from the W'cir. The 
fU>w was measured by diverting it into a calibrated circular standpipe 
60 ft high, with a capacity of 1700 cu. ft. 
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HARRIS 


Reference: Hydraulics, John Wiley & Sons, 1936. 

Basis: Study of other formulas and experiments, supplemented by 
tests at the University of Washington on a weir 4 ft. high and 2 ft. long 
with heads up to 1 ft. The head was measured 4 ft. upstream trom the 
weir. The flow was measured volumetrically in a tank previously cali- 
brated by weighing. 

Harris states in regard to the formula: 

The term C/H is the correction for ^‘frictional drag,'’ or the 
resistance to vertical flow along the weir face, which affects the con- 
traction of the nappe. This tefm is affected by the viscosity of the 
water. 

The term 1.5 HVD‘ is the correction for “channel restriction” and 
IS to account for velocity of approach and incomplete contraction 

H should preferably be kept less than 0.4D 

EXPERIMENTAL VERIFICATION 

Comparison of each of these eleven formulas with the results of 
111 tests in the hydraulics laboratory of the State College of Washing- 
ton is shown in Figures 3 and 4 The accuracy of the formulas in 
closest agreement with the measured flows — Rehbock, Hams, Cline, 
and Fteley and Stearns — is shown in Fig. 3. The dots show for each 
test head the per cent correction which must be applied to the flow 
crjinputed by the formula to give the measured flow of the lest. Thus 
if the points show negative correction the formula gives results larger 
than the measured flow, and vice versa. 

Fig. 4 shows the correction curves for the other six formulas The 
individual test points are not shown, and in fact only enough of them 
were computed to establish the curves, the relative location of the test 
points being similar for all formulas. 

The weir on which these tests were made was a smooth vertical 
plate 0.823 ft. high in a glass-sided flume 1.000 ft. wide The crest 
was monel metal with right-angled upstream corner and flat top 1/32 
in. wide. The head was measured with a hook gage reading in a 2-in. 
gage glass mounted on the outside of the weir flume in the plane of 
the weir and connected by glass tube, rubber tube, and iron pipe with 
three piezometer holes in the bottom of the flume 3.0 ft. upstream 
from the weir. The flow w'as measured volumetrically in a concrete 
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Fig. 4. Comparative accuracy of six weir formulas. Corrections to be applied 
to flow by indicated formula to give measured flow Curves based on 111 





pit which had been calibrated Kravinietrically, using 62.40 lb. per cu. ft. 
for the weight of water. Further details of test ecjuipment are given 
below. 

Laboratory Test Equipment 

A centrifugal pump drew water from four interconnected pits with 
a combined water surface area of about 200 s(i. ft The water was 
pumped to a standpipe 4 ft. in diameter equipped with an overflow 
pipe 25 ft. above the test weir, which wasted water back to the 
pump pit and thus limited fluctuation of water level in the standpipe 
to a few tenths of a foot. 

I'rom the side of the standpipe water flowed through a 4-in. pipe 
into a lank on the second floc>r of the laboratory 15 ft abfive the test 
weir A contracted weir in the side of this tank also wasted water to 
the pump pits and further reduced fluctuations in the test flow During 
all tests, w^aste flow’ was maintained from both standpipe and upstairs 
weir tank. As a result, the fluctuations of the test head w'ere ordinarily 
not greater than 0 0002 ft from the average at the small and inter- 
mediate flow's and not more than OOOJO ft at the largest flows. 

From the base of the upstairs weir tank, the test w'ater flow’ed 
through a 5-inch pipe down into the entrance tank at the ht ad end of 
the test-weir flume This tank, showm in Fig 5, w'as 2 ft square in 
plan, with its top level w'lth the top of the flume and its bottom 5 ft 
below^ the bed plate of the flume The 5-inch ])ipe extended downward 
to within a foot of the bottom of the tank A gate valve in the pipe 
controlled the amtiunt of the test flow The entrance from the tank to 
the test flume w^as curved on sides and bc»ttom to give smooth transi- 
tion flow. Short lengths of plank on the water surface in the tank 
eliminated surface waves. 

Description of Test Weir and Flume 

The necessity for rigidity was kept in mind in designing the steel 
framework of the flume Stresses and deflections were calculated and 
suitable members selected to keep these values within low limits. The 
use of welding equipment in the college shops eliminated the necessity 
for designing a riveted frame and facilitated both design and con- 
struction 

The position of the brick piers was fixed within narrow^ limits by 
the supporting walls under the floor. The position of the flume on the 
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Curved «»def 


piers was determined ]>y the amount of bpace for entrance and dis- 
charge tanks as well as by the desire to have minimum deflection of 
the flume at the weir. 


Details of design of the flume are shown in h'ig 
sisled of 5/8-in plate glass sides held by an angle 


5. 'J'hc flume eon- 
iron frame which 





was welded to the Yi in. steel bed plate. The bed plate rested on 
longitudinal 4-in. channels bearing on transverse H-beams which were 
embedded in concrete caps on the brick piers. 

The four plate-glass sections, each 5 ft. long and 2 ft. high were 
set in shallow notches in the bed plate and held at the top by steel 
clips. Asphaltic roofing compound was used in all spaces between 
glass plates and steel frame and in the butt joints between the plates. 
This material has given excellent results, as it is stiff enough to pre- 
vent movement of the glass plates but does not harden sufficiently to 
put undue stress in the glass. The joints, moreover, have remained 
water tight throughout six years of use of the flume 

Weir Plate 

The test weir plate consisted of a-monel-metal plate 3/16 in. thick 
and 4 in wide, spliced to a steel plate 3/16 m thick The splice plate 
was ^ 4 -in. steel on the downstream side of the weir. Details of con- 
struction are shown in Fig 6 The monel-metal crest plate was at- 
tached to the splice plate with >s-in brass ruets while tlie steel joints 
were welded. Vertical stiffening strips' of Ij-in steel were wielded to 
the ends of the w^cir plate. 

The crest edge was 1/32 in. wide, with upstream coinei square and 
with downstream corner beveled The weir plate was held in position 
by bolting it to an angle welded to the bottom of the bed plate at it^^ 
dowmstream end, which w'as 8 in short of the ends of the glass sides 
The nappe was therefore constrained on the sides for a distance of 
8 in. past the crest. 

The weir plate w’as cut 1/16 m. shorter than the 12-in width of 
flume. The ends of the plate were groo\ed and string packing laid in 
the grooves. The cracks were then shellacked to form water-tight end 
joints against the glass. The upper corners of the crest were finished 
out with permatex. 


Measurement of Head 

Three holes were drilled in the bed plate of the flume in a 

line 3.0 ft. upstream from the weir. The holes were threaded and Mi- 
in. nipples were screwed in from below. The upper ends of these 
nipples were then filed flush with the bed of the flume. 
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Elevation of Dowmstreapi End 
OF Weir Fuunt 

HndtXMjUc Loborcitor*^ • Stare CoMe<^« 

scou s**c r 

Fig. 6. Fleviition of Test Flume at nf)vvnstream Knd 

The bottom ends of the nipples were connected by a manifold of 
5^8“in. pipe fittings. This manifold was connected by rubber and 
tubing through a rubber stopper into a 2-in. vertical gage glass at- 
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lachcd tt) the outside of the weir flume in the plane t)f the weir. A 
Gurley standard hook-jj^at^e was mounted to the flume by means of 
an angle iron The hook of the gage was bent in so that it would 
enter the gage glass and so that the point of the hook would be at 
least Vj in away from the glass to avoid effect of curvature of the 
meniscus 

in all observations of head the hook-gage was read to the nearest 
OOOOl ft Technique in the later tests called for draining the u:agt 
glass and rubber tube between each two runs to av<dd error due to^ 
temiierature changes of the water in the tube. 

Zero Reading 

Determination of the reading of the hook-gage with /eio head on 
the weir w’as made wn'th great care before and after each senes of 
tests An auxiliary h(»ok gage and a small Uvel tub(‘ were used in thi 
d(*t('rmination. 

'I'he auxiliary hook gage w’as supported by an angle iron Iramt* 
laid across the top of the weir flume With the point of this gage 
about I'j in upstream from the crests the level tube was balanced on 
the crest with one end resting very lightly on the point of the gagt, 
and the bubble centered. The level tube was then reversed and tlu' 
bubble brought halfway back to center 'J'hc auxiliary gage was then 
read- 

With water standing in the flume at ab<nit crest level, both hook 
gages were carefully set simultaneously with iioints at tlu water sur- 
face in flume and gage glass respectively The difference in the two 
auxiliary gage readings, applied to the reading of the main gage with 
fioint at water surface, gave the reading of the main gage with iioint 
at crest level 

Measurement of Flow 

W'ater flovying over the test weir dropped into a tank from which 
a pipe led to the measuring t)it. In the earlier tests a 6-iii. cast iiuui 
j)ipe was used wdth a gof)se-ncck arrangement at the discharge end 
which could be swung on the pipe threads to divert the flow across a 
partition into the measuring pit at the beginning of the test run and 
back tt) a waste pit at the end For the later tests a 9-in galvanized 
intie was installed wdth fixed end discharging downwards directly over 
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the partition. A sheet-iron flipper was designed which was pivoted in 
the concrete partition and by means of which the flow was more easily 
diverted from one pit to the other. Time of all tests was measured wdth 
a Meylaii l/lO-stc. stop watch 

The w'ater surface elevations in the measuring pit at the beginning 
and end (jf each test run were determined in nearly all the tests by 
means of a hook-gage reading in a 2-m gage glass connected to the 
pit by a piezometer tube The area of the pit, throughout the 2-ft 
vertical range of the hook-gage w^as calibrated twice in the last se\ cn 
years by the use of weighing scales on the second floor of the labora- 
tory. The volumetric measuring capacity wu’th this hook-gage was 
about 125 cu. ft 

In order to obtain a greater length of run than possible wuth the 
book-gage, tests made in 1937 at beads greater than 0 3 ft had tlu‘ 
flow measured by means of a wooden stafif-gage which had been pre- 
viously calibrated to read directly in cu ft content of the measuring 
pit The stafT-gage was nmunted jiarallel with a 1-in vertical glass 
tube wdiich was connected by piezometer tube with the pit The ^talT- 
gage was read to 0 1 cu ft and a total volume of from 300 to 400 cu 
ft was accumulated during each test run. 

TABLK I 

Accuracy of Four Weir Formulas In Different Ranges of Head 

Average Correction to lie Applied to Flow Computed by T'ormula 
to Give Measured Mow 


Uango of 
Head 

Ft 

No of 
Tests 

Avt 

Harris 

l iiKo l\‘r < 

Uehb(K‘k 

1012 

’ent of V Correction 

Fteley & 
Stearns 

Cline 

0 05 to 

0.10 

9 

—0 64 

—0 03 

101 

■f0 26 

0 10 to 

0.20 

28 

—0.17 

-f0 15 

—0 84 

—0 28 

0.20 to 

0 JO 

33 

—0.01 

—0 03 

—0 24 

—0 04 

0 30 to 

0 40 

24 

—0 06 

—0 16 

—0 24 

-f-0 20 

0 40 to 

0.50 

17 

—0 13 

— 0 24 

—0.41 

-1 0 37 

0 10 to 

0 50 

102 

—0 09 

—0 05 




Discussion of Results 

The graphical presentation in Figs. 3 and 4 of the results of the 
111 tests has been referred to on page 18 Table 1 shows for four 
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formulas the average per cent correction in different ranges of head 
between 0.05 and 0.50 ft. 

The general consistency of the test results is indicated by the fact 
that 92 of the 111 points fall within the 5/2 per cent band shown on 
the Harris diagram in Fig 3. In this diagram the points are computed 
with a value of C of 0.0205 corresponding to a water temperature of 
53^2 degrees F, which was about the average water temperature of the 
tests. The solid line represents the average correction for these points, 
while the dashed line represents the average correction for a value of 
C of 0.023, corresponding to a water temperature of 39 degrees F 

In the Rehbock diagram in Fig. 3, the points and solid line repre- 
sent results computed by the 1912 formula, while the dashed line shows 
the correction for the 1^29 formula. 

The 111 heads tested, with respective measured flows, flows com- 
puted by each of the four most accurate formulas, and corresponding 
per cent of error are shown in Table II. The number of each test run 
indicates the year of the test and its number in that year Thus Run 
Number 19-7 was test number 19 in ,1937. 

The number of tests in each year with the average zero head 
readings of the main hook-gage are shown below 


Year 


Number of Teats 

Zero Head Reading 

1931 

Spring 

28 

1.2393 

1932 

Spring 

18 

1.5036 

1933 

Spring 

6 

1.5041 

1933 

Fall 

4 

1.5044 

1934 

Spring 

6 

1.5044 

1935 

Spring 

4 

1.5044 

1935 

Fall 

15 

1.5035 

1937 

Spring 

24 

1.5038 

1937 

Spring 

6 

1.5036 



Total 111 



The height of the test weir in 1931 was 0.836 ft.; in all runs after 
that year it was 0.823 ft. 
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CONCLUSION 


The experimental results presented in this bulletin need extension 
to wider flumes, weirs of other heit>:hts, and higher heads It is hoped 
that further test data by other experimenters can be made available, 
with volumetric or gra\imetric measurement of flow, which will ad- 
vance the study and de\elopment of standards of weir construction 

A flume 2 ft. wide, 3 ft deep and 20 ft lon^, with a 6-ft. j^lass 
section is beinj.; built in the hydraulic laboratory of the University of 
Wisconsin This flume will be used, anions other thinj^s, for a con- 
tinuation of sharp-crested weir studies 

The study of original i>uhlications which the writer made in pre- 
parin^j: this bulletin, together with the general uniformity of test 
results obtained in the State College of Washington laboratory, even 
with inexperienced student investigators, indicate to the writer that 
the conflicting statements and formulas about weirs which have l)een 
made and continue to be made in new' books arise less from the in- 
herent inaccuracy of the sharp-crested weir itself than from lack of 
standards of construction of the early investigators, as well as inac- 
curacies in technique and insulTicient number of tests 
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SUMMARY 


I. By aging at temperatures from 300® F. to 420® F. following a 
preliminary annealing process, it is possible to change the strength, 
hardness and ductility of a magnesium alloy containing 8% aluminum. 

(a) The maximum strength may be increased from 42,000 Ibs./sq." 
to 52,000 Ibs./sq." and this increase is practically the same for 
the various annealing temperatures. 

(b) The change in yield strength (.20% set) is not a constant for 
all annealing temperatures but increases as the aging tempera- 
ture decreases. The change in yield strength for 300®F. aging 
is from 32,500 Ibs./sq." to 40,750 Ibs./sq." whereas for the 
420®F. treatment the corresponding change is from 32,100 
Ibs./sq." to 34,000 Ibs./sq.". 

(c) The rate of aging increases with the aging temperature and 
with the initial hardness. 

(d) The fracture pictures and the micro-structures reveal the 
mechanism of aging and' the preferred orientation of the 
crystals resulting from the original extrusion process. 

II. By aging from the extruded condition at temperatures from 
300® F. to 420® F. it is possible to change the strength, hardness and 
ductility for the alloy investigated The rate of aging from this 
strained state is considerably faster than when aging follows annealing. 

(a) By aging from two to ten hours it is possible to increase the 
percentage reduction of area from 12% to 32% and the per- 
centage elongation in two inches from 12% to 23%. 

(b) Aging for times greater than that time corresponding to maxi- 
mum reduction and elongation causes a decrease in ductility 
accompanied by an increase in strength. 

(c) The, increase in maximum strength is not near as great as for 
aging following annealing and very little increase in yield 
strength was recorded. 
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Physical Changes Accompanying The Aging Of A 
Magnesium Alloy 

By James G. McGivem 
INTRODUCTION 

Since the work of Mcrica, Waltcnberp: and Scott* on the heat 
treatment of duralumin, considerable attention has been focused on 
alloy systems exhibiting aging possibilities. These systems have the 
common property that the amount of the alloying element soluble in 
the solid parent metal decreases with temperature and that the rate 
of separation of this excess constituent is slower than ordinary quench- 
ing rates. For alloy systems whose equilibrium diagrams have been 
determined it is possible to tell by the slope of the line showing the 
change in solid solubility whether or not aging is possible. For those 
alloy combinations whose equilibrium relations have not been estab- 
lished it IS possible to determine whether they may be expected to 
show aging by applying certain principles involving the ratio of the 
atomic diameters of the elements involved* 

It has been established that the solid solubility of aluminum in 
magnesium varies with temperature and that alloys of magnesium 
containing more than seven per cent of aluminum are capable of aging 
Specific data on the actual changes in strength and ductility accom- 
fianying aging are, however, lacking. 

The purpose of this paper is to present the re.sults of aging on the 
tensile properties t)f an extruded magnesium alloy containing 87r 
aluminum The effect of aging from the extruded condition, from a 
partially annealed and from a completely annealed condition are in- 
cluded. For each test the usual values of maximum strength, break- 
ing strength, yield strength (.20 permanent set), hardness, percentage 
elongation in two inches, and percentage reduction in area are re- 
ported. In addition the yield strength (.10% permanent deformation), 
Johnson’s limit, stress corresponding to specified sets, true elongation 
in two inches, and the true breaking stress on the basis of the break- 
ing load and the reduced diameter are also given. 

* Merica, P. D, Waltcnbcrg, R. G.,^and Scott, IL, “Heat Treatment of Duralumin,** 

Bulletin Am. Inst, of Mining KiiR.* p. 913. June 1910. 

* Hume-Rothery, W., “The Structure of Metals and Alloys,** Monograph and Report 

Scries No. I. British In.stitute of Melal.s, 1936. 
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PRINCIPLE OF HEAT TREATMENT 

The heat treatments given this alloy prior to testing are those 
previously investigated, using hardness as an index of change in 
physical properties.* These treatments are based on the fact that the 
amount of aluminum soluble in magnesium in the solid state varies 
with temperature. By controlling the solubility relationships between 
the aluminum and magnesium it is possible to change the physical 
properties. The equilibrium diagram^ of Fig. 1 shows that all the 8% 
of the aluminum is soluble above a temperature of approximately 
600° F., while at room temperature the solubility is 7%. Authors* 
differ as to the solubility at room temperature and quote values from 
a minimum of 2% up to the 1 % quoted. Any ordinary rate of quench- 
ing from a temperature represented above the line al> of Fig. 1 will 



• McGivern, J. G., and Wilkinson, C. A., ** Precipitation Hardening of a Ragnesium 

Alloy Containii^ 8% Aluminum,*' Washington State College Engineering Experi- 
ment Station, Bulletin No. 60, July 1087. 

* Schmidt and Spetaler, Jr. Inat. of Metals, Vol. 34, p. 195. 

^Bokken, H. F. and Wood, R. T., ''Constitution of Magnesium Aluminum Alloys/* 
Metals Handbook, 1916 edition. 
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be faster than the rate of separation of the aluminum from the mag- 
nesium. Because of this, the quenched metal contains an excess of 
aluminum in solution and is unstable. The metal if then heated, to 
relative low temperatures represented below the line ab of Fig. 1 will 
allow this excess aluminum to precipitate as part of the hard inter- 
metallic compound MgsAh and cause the physical properties to change. 
The lower part of line ab being practically vertical means that the 
reheating or aging temperature may be as high as 500® F. without 
appreciably changing the solubility relation, and hence the amount of 
super saturation. As the metal is heated to this temperature, however, 
its viscosity decreases and hence the ease with which the intermetallic 
compound may form and ease of diffusion also increases. By heating to 
temperatures between 500°F. and 600®F. aging is still possible. Fig. 1 
shows the .solubility changes within this range This decreases the 
amount of super saturation or the urge to age even though the op- 
portunity to precipitate at the higher temperature may be more favor- 
able. All this suggests the following heat treatment: 

(1) Heating metal for a sufficient time at a high enough tempera- 
ture to relieve any strain hardening and cause all the 
aluminum to be in solid solution with the magnesium 

(2) To quench from this temperature at a faster rate than that of 
the separation of the aluminum from the magnesium 

(D To heat to certain low temperatures to allow the aluminum 
to precipitate from the magnesium and form the hardening 
constituent MgjAb at a controlled rate. 

The extruded material in the “as received” condition has been 
worked at a temperature sufficiently high to cause most of the alumi- 
num to be in st>lid solution and yet the final working temperature was 
not high enough to entirely relieve the grains of the working effects. 
This condition makes possible an aging treatment of the strained 
material without a preceding high temperature anneal. In this treat- 
ment the material is heated to temperatures represented below the 
line ab of Fig 1 and gives a combination strain relief and precipi- 
tation. 

The material may also be aged from a partially annealed condition 
This treatment is similar to the first treatment described, with the 
exception that the time of the high temperature anneal is shortened 
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By varying the time of this anneal various conditions between com- 
pletely strain hardened and complete solution equilibrium may be 
obtained for the beginning of the aging treatment. 


Aging Following a Complete Anneal 
Anneal. The specimens prior to aging were annealed at 775° F for 
eighteen hours. The changes in physical properties and in micro-struc- 
tures accompanying this preliminary treatment have been presented 
in an earlier bulletin as well as a complete description of the physical 
tests and measurements used ” As before, rods liaving different initial 



Fig 2 Difference in microvstructures of rods having different initial hardnesses. 
Specimen A (dfi Rockwell Iv) and B (fi 9 .- 7 l Rockwell F) lOOX. 

hardnesses were used and the same annealing time produced different 
degrees of strain relief on specimens represented by A and B of Fig. 2 
For both cases the material on being quenched from 775° F. w*as 
super saturated with aluminum and its micro-structure showed no 
visible precipitation. Very little, if any, grain growth was evident fol- 
lowing the recrystallization which took place with the annealing. 

Changes in Physical Properties. The changes in physical proper- 
ties with aging time for the 3()0°F., 370°F', and 420°F. aging are given 

® McGivcrn, J. F., “Physical Change.s Accompanying High Temperature Anneal of a 
Magnesium Alloy,'* Washington State College, Eng. Exp. Sta., Bulletin No. 52, 
Jan., 1938. 
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in Fig. 3 and Table 1. Fig 3 gives the usual values of maximum 
strength, yield strength (.20% set), percentage elongation in two 
inches, percentage reduction in area and the hardness prior to testing. 
The tables give in addition the final hardness after testing, the yield 
strength (.10% set), Johnson’s Yield, and the stresses causing yields of 
70%, .75% and .85%. The true stress at failure which is the breaking 
load divided by the final area is also recorded along with the breaking 
strength, which is the breaking load divided by the the original area 
The maximum strength or the maximum load divided by the original 
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Kig. 3. Physical properlies accompanying aging at 300® K , 390° K, and 420° I*' 
following an anneal. 
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area and, in some cases, tlic maximum load divided by the uniformly 
reduced area removed from the necked section is given. 

A comparison of the efTects of the difTcrent aging temperatures 
on the rate and final results of aging is shown in Fig 3 For the three 
temperatures given the rate of aging increases with the aging tempera- 
ture The initial condition of the three cases are not the same. This 
IS best illustrated by the high initial hardness of 62 Rockwell E for the 
as compared to the 55 Rockwell K value for the 370® F. and 
the 300®?". curves The dilTercnce is due to the difference in the original 
extruded rods beforL annealing, which is illustrated m Fig. 2. 

The values for the lower temperature appear to follow closer to 
an average curve than for the 420® F aging The highest maximum 
stiengths (d)tained for the three treatments are 53,800 Ibs./sq ", 54,100 
lbs /sq ", and 52,250 Ibs/sq" respectively The average maximum as 
represented by the curves is approximately 52,000 lbs /sq " and is the* 
same for the three casis These values correspond to a percentage 
reduction in areas and percentage elongation of SVf This change in 
strength with time is accounted for by the increasing amount of the 
precipitated intcrmetallic compound MgaM.- which separates out from 
the super saturated solid solution As more and more of this hard 
constituent fibrins, the resistance to slip increases and the metal be- 
comes stronger, hariler and more brittle In addition to the evidence 
alToided by an examination of the change in micro-structure with 
time, the tyjies of fracture ''hv)W a gradual change from a combination 
"'hear and tension failure to one of practically pure tension as given 
in Fig 4. 

The percentage increase in the value of the yield strength result- 
ing from aging is not nearly as great as the percentage increase in 
maMmiim strength The average vxilue of the increase in maximum 
strength due to the three aging temperatures is 2()8''r as compared 
t«) 12 0^/f for the cc^rrespoiuling increase in yield strength. This is not 
always true as work has been done' on the aging of cast magnesium 
showing a greater ])ercentage increase in the yield strength than in the 
maximum strengtli. The maximum yield strength attainable is not 
the .same for the various aging temperatures but decreases as the aging 
temiierature increases The maximum yield strength values are 40,750, 

^ kyon, A. J., “Staliility of Aluminum and Magnesium Castin Alloys,” Am. Inst, of 

Min. and Met. Kng.,” Inst of Metals Darwin, p ,ei6, lojo. 
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}'iK 4 I'ractuic pictuifs for 420^1’ followuiv .i 77.^"!* anntal Th« 

spconifiis, readititr lefi to riKht, h.n <• been ayed o. In. l»4. 4S ami 17 J In- 
respectively 

37,500 and 36,000 Ibs/sq " for the v^CKj^J' , 370' F and 420“]*". a^in^ 
tcmprrature.s rcs|)cctivcl> Tlii.s means the lower the tempera- 

ture the better the final product as reflected by tlu liiqb yield .strene:tb, 
the other prtiperties bein)^ the same. 

Changes in Micro-structures. The inicro ^tructures represented in 
bi^. ^ illustrate sonic of the more important changes accompanying 
the 370®F. aging. The etching of the material following the 77S‘’l'* 
annealing and prior to aging was very inefTective. .^fter as short an 
aging lime as twenty minutes the grain structure was clearly revealed 
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5. ChaiiKCS in niuro-striKturcs for 370®K- riKMiiti; foliowinp 77o®K anneal Specimens 
A, B, C and 1) have been aged 2, 5, and 16\*» lirs respectively. Longitudinal sec- 
tions lOOX. 








but the etching tune f(3r the 2% oxalic acid solution used was much 
longer than just the swab needed on specimens aged a longer time 
Although the ease of revealing the grain structure increased with the 
aging time no distinct precipitated areas were observable for the first 
few hours although the hardness and percentagt elongation in length 
and reduction of area do change during this time 

The micro-striictui es m addition to revealing the riiechanism of 
]>reci])itation throw considerable light on some of the thanges which 
took place in the iireliminary annealing treatment The rod as (origin- 
ally formed was plastically defoinied in the evtrusum process, the 
aiiKMiiit (d ‘'train being greatest for the outside section of the r(jd 
This means that the time necessary for recrystallization to take place 
at a given temioeratiiri' will be a minimum at tlu outer surface and 
increase for st-ction^ ruarer the center Following the rec rystalli/a- 
tioii coalescente will take place as evidtnctd by grain growth although 
in tills case the a\eragc gram size is very little different from the 
original si/t' a*' sulTicient time was mU allowed for changes to take 
place*' fig 5A and 51’» illu^tr.ite this c<»ndition 'I'hese micro-stt uc- 
tures weie taken from two diflcrent p<>sitions of their respective rod" 

Fiu 5A shows a secti<»n from a rod that wa" as:cd tw’o hours 1'his 
micro-structure lepieseiits a sectuui of uniform gr.im size and shows 
no visible ]*reLipitate<l areas J’lg 5F» represents a section near the 
(Uitsule of a lod that was aged five hours, and shows gram grow’th 
which t<»ok iilace with the preliniinaiy annealing ])rocess Near tlu 
('elite*!' of this saiiu* renl no grain growth was evident \ more strikme 
e*\aint)1e of tins tihenonuiia mav be seen by eomi^aring the micro- 
structures taken fioin sections perpendicular to the axis of extrusion 
These are gi\en in I'lgs 51', and 5F vvhicli are both taken fremi the* 
same' rod Fig 5F whuh was taken near the outside of tlu roel, sh(nvs 
no twinning, while 5F' near the center, shows considerable twinning 
The presence of annealing tw’ins m magnesium is not unusual as it 
twins (jinte e.isilv,'' hut its twinning on tlu cross-sectiein only is 
uinuiial 

I'his twiniimg lu'ing jilainly visible on the jilaiie iierpemdicular to 
the axis of e*\triision and being rarelv seen (Ui the plane parallel to 
the axis, is e\i)lained m terms of the crystal stiucturc and working of 

*• Mathewson, C H . “TwinnitiK in Metals," A 1 M E (lO-’S) 554 
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magnesium. Magnesium has a close packed hexagonal space lattice 
which below a temperature of 225®C. has only one plane of easy slip. 
This slip takes place along the basal planes, and in the extrusion proc- 
ess the basal planes align themselves in the direction of flow but are 
arranged in all orientations about the extrusion axis as an axis of 
rotation.® This preferred orientation of the crystals in the rod and 
there being one twinning plane, explains twinning being seen in Fig. 
5F but not in Fig. 5E. 

The increase in the amount of the precipitated area for the first 
sixteen and one-half hours is seen by comparing Figs 5A, B, C and D. 
This change is accompanied by an increase in hardness, maximum 
strength and yield strength, and by a decrease in percentage reduction 
in area and percentage elongation in two inches as given in Fig. 3. 
Beyond this time the amount of the precipitated area stcadil y in- 
creases, accounting for the further increase in strength and loss in 
ductility. This precipitation of the inter-metallic compound Mgs.Ah is 
first evident at the grain boundaries and in practically all cases the 
dark precipitated areas shown in Fig. 5 start at the grain boundaries. 
These areas have a definite structural* form and the aggregate made 
up of the precipitated MgjAU particles imbedded in the solid solution 
of the aluminum in magnesium arc evidently harder and stronger than 
the plain saturated or super saturated solid solution of Al in Mg. For 
longer aging times than those rcpre.sented in the micro-structures of 
Fig. 5E and 5F there appoar> to be a uniform precipitation of the inter- 
nietallic compound within all the grains, in addition to the more dense 
areas which have been referred to. This is illustrated in Fig. 50 This 
is not true for specimens aged from the extruded conditions and it 
may account for the increased strength attained by these specimens 
when aging follows annealing, as compared with those aged from the 
extruded condition. A comparison may be had by comparing micro- 
structures of Fig. 5G with Figs. 9 and 10 and also the curves of Fig. 
3 with those of Fig. 6. 

AGING FROM THE EXTRUDED CONDITION 

Changes in Physical Properties. The material in the “as received" 
condition varied in hardness from 65 to 69 Rockwell E. The micro- 

* Morcll and Hanawit Physics, 193s, 3, i6i. 
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structures corresponding to this hardness range varied as to the 
amount of visible precipitate, the two extremes being given in Fig. 2. 

The changes in the physical properties accompanying the 300* F., 
390° F. and 420° F. aging are given in Fig. 6 and Table II. The chief 
difference between the curves given for the various aging temperatures 
is due to the increase in the aging rate rather than the general charac- 
ter of the changes and the final results obtained. A comparison be- 
tween the 300°F. aging and the 390° F aging shows that the rate of 
aging, as measured by hardness and strength, increases with tempera- 
ture in this range. This is to be expected as Fig. 1 shows little, if any, 
change in the solubility up to the 390° F. which means that the un- 
stable condition caused l>y the extrusion process can more quickly 
approximate equilibrium conditions at the higher temperature with its 
correspondingly lower viscosity There is a limit to the upper tempera- 
ture which will further increase this aging rate. This limit is caused 
by the change in solubility with temperature which means that the 
degree of instability decreases even though the opportunity to adjust 
itself increases One extreme of this is given in the results of aging 
at 600° F from the extruded condition as gi\ en in the preceding bulle- 
tin of this serii s Aside from tlie initial cbaimes taking place which 
are due to the recrystallization, this test showed \ery little if any aging 
effects 

The 420° F aging given in Fig. 6 shows a faster rate than citlier 
the 300° F. or the 39(FF. treatment but the difference cannot be at- 
tributed entirely to the temperature difference In this case the 
original hardness was not the same, which may account for part of 
this difference. 

These tests on the aging of the material from the wfirked condi 
tion show a combination of strain relief and precipitation hardening 
taking place simultaneously In the three tests represented in Fig. 6 
the first five hours show characteristic loops in the aging curves. 
During this period the percentage elongation and reduction in area 
reach a maximum value which for the 390° F, treatment is as high as 
32% for the reduction in area and 23% for the elongation in tw<.> 
inches. This materially betters the ductile characteristics of the metal 
without appreciably lowering the maximum strength or the yield 
strength from its original value. 
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This conibmatiiin of strain relief and i)recipitation hardenint^ tak- 
ing place at the same time accounts fur this maxinium occurring 
With the beginning of aging precipitation also starts which would, if 
acting alone, make tlic percentage reduction and percentage elongation 
decrease The softening and the general increase in ductility accom- 
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panying the strain relief more than offsets the hardening due to pre- 
cipitation, and for the first part of the curve the result is an increase 
in ductility. After the curve reaches its peak the hardening effect of 
the precipitation is greater than softening accompanying the strain 
relief and the metal gradually becomes harder, stronger and less duc- 
tile. At this time the rate of change in physical properties is greater 
than that obtained when aging from the annealed condition as given 
in Fig. 3, although the maximum values obtained arc not as great as 
may be seen by comparing Figs. 3 and 6. The average maximum 
strength in this case may be taken as 49,500 Ibs./sq." and the cor- 
responding yield strength as 35,300 Ibs./sq.". In this case the maximum 
yield strength does not appear to vary much with the temperature of 
aging. 

Fracture Pictures- The changes in the fractures with time of 
aging for the 420° F. treatment are given in Fig. 7. The fracture of the 
metal in the “as received” condition is a coml)ination tension and 
shear failure with a square tension fracture in the center and a strong 
shear lip on the outside This tension fracture in the center was sel* 
dom circular but generally ellipticaj. The lip under these conditions 
did not extend entirely around the specimen but occurred on opposite 
sides. With the beginning of aging the shear fracture becomes more 
predominant until at the time corresponding to the maximum elonga- 
tion the fracture is entirely a shear fracture as seen for the one hour 
specimen pictured in Fig. 7. Thi.s is a typical case and was the same 
for the other aging temperatures. After this maximum percentage 
elongation and percentage reduction in area has been reached the 
fracture changed very quickly and after a four-hour treatment the 
specimen fails in practically pure tension This change to a tension 
fracture is attributed to an increase in the shear resistance accoiU' 
panying the precipitation which is illustrated by an examination of the 
micro-structures. 

Changes in Micro-Structures. The changes in micro-structures for 
the 390° F. aging are given in Fig. 8. The first three structures A, B 
and C are longitudinal sections. The first one is in the “as received” 
condition and shows an extrusion stringer and a slight twinning effect. 
At the end of one-half an hour these stringers, although present, are 
not as well defined. Fig 8C .shows that at the end of three and a 
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7 Fracture jHctuies for 420® F. aKing from the extruded condition The specimens reading 
left to right have been aged 0, 1, 2, 4, 16, and 79 hrs respectively 


half hours tiu* precipitated arcan are clearly \isible e\en though this 
docs correspond to conditions of maximum ductility as been in Fig. 0. 
Fig.s. 6D and 6E are photographs taken of perpendicular sections of 
this same specimen. Fig 6D was taken near the center of the speci- 
men and shows no twinning, while 6E which was taken near the 
edge shows considerable twinning along with the precipitation. Th’s 
diflference in twinning between the outside and the center may be 
accounted for by the difference in residual strain in these sections 
associated with the original extrusion process. For the same tempera- 
ture the outside, which is more severely strained, will recrystalli/e 
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8. Changes in micro structures for 390° F. agiiiK from extruded condition A, B, am 
C are longitudinal sections aged 0, and lirs I) is (lerpondicular section agei 
3^ hr.s. lOOX 




r. H 


Kig. 8 Changes in micio structures fur 390® F aging from extruded condition. IC is a 
perpendicular section aged hr.s. F, G and H aic longitudinal sections aged 10%, 
10% and 61 hrs. resiiectivcly. lOOX. 
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before the inner section and show the annealing twins first. The 
twinning at the outer edge is the opposite of the condition obtained 
when aging from the annealed condition. This is explainable as in the 
latter case the outside was more completely annealed than the inside 
during the 775® F. annealing treatment. That this twinning should be 
evident on the perpendicular sections and not on the longitudinal sec- 
tions is also, as has been previously discussed, due to the preferred 
orientation of the crystals resulting from the extrusion process. 

The increase in hardness and strength with continued aging is ex- 
plained by Figs. 8F, 80 and 8H w^hich show an increase in the amount 
of the precipitated areas. The precipitation is seen to follow the 
original extrusion axis. These areas start at the grain boundaries and 
in many cases completely surround a grain. The actual structure of 
these areas is best seen by referring to Figs. 9 and 10. 

Figs. 9A and 9B arc micro-structures taken at 2000 diameter.s of a 
specimen aged 27 hours and 1054 hour.s respectively at 390® F. Fig 9A 
shows the actual formation of the structure within a grain. The inter- 
metallic compound Mgs Ah precipitates out in layers and very closely 
resembles pearlite, the cntectoid of steel, in its appearance This 
represents a grain that cither had a higher aluminum concentration 
than the adjoining ones, or was more severely strained, thereby pro- 
ducing a higher degree of super saturation. It could also be that the 
section so shown was cut so that it was near the grain boundary 
where the precipitation starts. Fig 9H shows precipitation along an 
extrusion stringer and also along a grain boundary. It should also be 
noticed that there is some visible precipitation throughout all the 
grains, but these differ somcwdiat from corresponding sections studied 
from specimens aged from the annealed state. In the case of the latter 
there is a more general precipitation throughout the grains which 
resembles a sorbitic structure which could account for the greater 
strength attaine(} by the material aged from the annealed state. This 
was illustrated in Fig. 5G. 

Fig. 10 shows a larger section and includes a typical precipitated 
area, precipitation around a grain boundary, precipitation within a 
grain and an inclusion. Since all other views have shown precipitation 
to start at grain boundaries, it is quite probable that what appears to 
be a precipitated area starting within the grain, really started at the 
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B 

Fig 9. Formation of precipitated strutturci>. Specimen.^ A and B have been held at 
390® F. foi 27 and 10% hrs respectively 2000X 
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RELATION BETWEEN CHARACTERISTIC STRENGTHS 
AND YIELD VALUES 

Usin.L: the iiKixiniiim strength as unity Table IV i^ivcs, tor tlu* 
various aiding ciinclitn>ns, the other eharacteristie strength*' expressed 
as a percentage of the inaximuni stiength 'Phe \ allies ft>r tlie various 
yield strengths arc* higher than those pre\inusly re])orte(l from the 
study of annealing characteristics as reported in the {irevnjiis bulletin 
of this series" 



3r/?£:S5 at .707.,.75Z,S0% STRAINS arJ0HN30A/S Y/ELD 
and at JOZ Y/ELD 5TRE/S/CTH 

FiK \2 Correlation 1)« tween cliar.icte i istu yield values 


I'ig 12 gives a correlation between the stress c orrc'sponding ti> 
20% yield strength and the other characteristic yield values The 
range of values used for obtaining these cur\es includes those obtained 
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from the previous study of the annealing characteristics, together with 
those obtained from this study As would be expected, the relation 
between the .20% yield strength and the .10% yield strength is linear 
The relation between Johnson’s Limit is also linear but the relation 
between the stresses corresponding to strains of 70%, .75%, and 80% 
a’-e not linear By use of these curves it is possible to obtain values 
tor the 20 Vo yield strength indirectly by taking the stress correspond- 
ing to that of a specified set thereby eliminating all the work neccs- 
.>ary for taking stress strain readings and plotting the stress strain 
diagrams An examination of Fig 12 tells considerable about the 
character of the stress strain diagram corresponding to the various 
.20% yield strengths The shape of the stress strain diagram can be 
visualized by using the relations between the values given. 
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The Development of a Domestic Stoker to Burn 
Washington Coals 

F. W. Candee 

The iiiodcrn doinestie coal ^luker with automatic control has 
proved it'-elt a rc luarkahle contribution to home comfort health and 
convenience, and it^ lapid ado]>lion has been well deserved. With 
“Comfort m the Home” util established it is onl> natural that the 
fuinact oiieiritor hetome interested in cheaper fuel and iiioie efficient 
heatin.u eiiuipmcnt M.in> maker'' have been attracted to tlie field 
and them ^t«>kets ha\e att, lined a ,eood standatd of elKe ti\ cues*' and 
iffieiencN So Jar, lio\M\er, they ha\e burned witli ksi^'t difficulty a 
narretw rani.;c of types of free bin nine, non eakum fuels that are not 
eveiywlnie a\aikil)U‘ at a ^ati'^fae toi y pi u e Atlentum was directed 
to this p<jmt by mu of the leadini* ci-al lompaiiie/ of ilu State of 
\\ a--limi;lon hv a i cipu -t that studie-' he made of this piol)lem, and 
some t\ pe e>f retort or stoke i he dt\clo]>ed lli.il would make possible 
tile bill mm: < i then fiu'l m elnect compe.tilioii with stoker coals al- 
reaelv on the iiiaiket Tins u an impoilant ])rohltm for the ]MU.;iiuur- 
nii; J'.xjx. I mieml Station tor the ieM''on that t\ei\ effent i" bem.e matle 
to ini'inote luillur ekielopineiit of tin natin.il resources oi «mr state* 
'I'lie aekaiUaje ot the stolon- o\ t r liand Jinnu ioi doim stu heat 
mi; ha*' been w«11 CNtablislud, and •'o will not be ducussed in this 
lepoil \ll yrade^ of '^laek oi stoke.i e-oal canintt be burned success- 
fully in the stoke'i-'^ as tlu^ now e\i'l on tlu^ m.irket, bearing in mind 
th.it what the home* (.pemtoi eksiic^^ is a puce e»i eeiuipment that 
ietiuiu> the' minimum of atteiiii-'ii on Im part anel but a \L:nl\ in- 
spec lion b\ tile '•eisii'e' man 

'I'lu follow my auaKsvs -^Infw how thi'> coal m quC'ti«>n ceeiiu 
pan with a s.ilislae't' Ts stoker e oal mos on the market^ 

Heating Value 

1! T V per i)oimd (as fired) 

' VWaslimy ton (\ial (wasludi - li, (>()() 

■ITali ChMl 

' riu RdsK II (. UM' i<lt C t*.ii t oinp.im 

*’ Hullclins No 27 . mil ai), laiKniccmo: I’.sperMiXMii (.'olkcc o{ \\ .^h 

inglon, .111(1 t'Krw licrt 
*lTiih (kite, Helper, Ut.ih 
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1 Ai ranj;«'iiiciit « (iui|)im.‘nt hn running' Cf>iil tt'Sts 


4 





Approximate Analysis (as fired) 


WashinutMTi Coal Utah (>)al 

Volatile 35 77^ 38 0U'r 

Fixed Carbon 53 38^"r 5222% 

Moisture 1 73% 2 35^/r 

Ash 9 14%" 742% 


lOOOO^f lOOOO^'^ 

Ultimate Analysis’ (as fired) 

\V aslnni.-lun Cb>al Lbah Coal 

Caibon .. - . 74 20''4 . 75 06^/r 

Hydroj^iii ... . . 4 78% -.. .. .. 487^f 

Nitro^c'ii . . 144^> - -- 144%; 

Oxyj^di 8 73% 8 86^'t 

Moisture - ..173% 2 35^^ 

Asli - - - - ^12%' . -- - 7 42% 

UK) 00% lOOOOCo 


In eoinji.iniij^ tin. anal\'-es of tlu washed W ashini^ton coal and 
llie Utah coal there would not appear to be enoiirch difference, out- 
ride of the nuustnie and a'-h, ts> make one coal bt'tter suited for 
siokei firiin; than the other The Utah coal cla''sed as “free biirn- 
ine,” while tlu* \\ a^lnnel< »n coal is a “cokine (o^kal This w’ould nc>t 
constitute vi diliuull> if it w ci e not lor the fact that this t okc also 
“cake'',” and in ordei to burn this mat t)t cake, a blasting draft is 
rcouired This taunts blow hobs and coiisefjuently a largo excess 
(d* air, and results in low luriuu e efficiencie'> \Mien this coke is 
nieclianically broken up bv t)oking, a very < fficient file results, but 
the home operator w'onUl refuse to bum a co.il that called for Ire- 
ciucnt attention 

Tc» aggra\ate thi^- condition, the ash has a \ er\ high fusion 
temiierature — around 2700 degrees I', and so the* clinker that forms 
IS a porous, iiartrally fused mass that quickly fills up the fire box 
and shoves the coke out of the burning yone lIo\v to prevent the 
formation of this “cake” and devisi some methods for automatic 
removal of clinker or ash became the major problem 


'‘Washing reduces ash content from about 14^,0 to value shown 
® By formulae 

C' Marks Handbook, Second Kdition, 1924, Page 632. 



Method of Attacking Problem 

It wa^ decided that a heating plant similar to the average 
domestic hot-watcr heater system should be installed and efficiencies 
determined while ojierating on the “on and off” basis as it would 
actually perform in the home, rather than to basi tests on steady 
opcratKui as earned on m a power or central heatini; phint 

Anij Commercial 



The set-up «»f tciuipnunt to (air> <*11 ttsis with thi" Washington 
t oal is illustrated in log. 1, ami log 2 is diawmu (»[ the g(mi.il 
arrangement with the tvpe of tu_\u*e fmallv ado[)ted The hot-water 
furnace and radiattu-s used are the t>pe found in tlu average hoiiu 
lly placing the radiators at differtnt levels the oidmary gravity s\- 
stem w'llli (xpansion tank was duplicated In order to oj)er.ite tlm 
ex])erimental plant in the summer, as well as in the winter, ]>io\ision 
was made for running w^ater over the radiatoi s, thus dissijiatmg the 
heat With this s\ stem the on-and-off ]>eriods could be regulated at 
will. 

'J'o determine the overall efficiency and coiniuiti the heat bahuice, 
thcrniometei s, thermocouples, Cf)- meters and a water flow meter 
were installed Thi*-. flowmeter^ (A) I’lg 1, which is easily calibrated 
at any time during a test, measures the veiy low velocities encoun- 
tered m hot water systems of the gravity type, and at the saim' time 
docs not interfere with the normal gravity flow m the system 

J)i-scribc(l in Bulletin No 39, KtiKineeniig ICxpenuient Station, State College of 
Washington 
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An “acjuastat (li) 1 with a nit-rcnicl switch, stc)ps and 

starts the stoker when the circulatiiijn v\ater reaches desired ina\i- 
inuiii and iiiininiuni temperatures 

'J'Jii* stoker'' selectc*d was of recoj^ni/td performance and one 
ccminionly lound in homes I'tiis stoker was ecjmpjx'd wath a ri'tort 
similar to thos(‘ loiind un all other make*s on the market and illus- 
trated by ('\), Imi^ ^ In aeldition to this retf)rl, the stoker comiiany 
sent one* sjxTially de siem-d to burn a cakmj.- coal 'I'his retort i> 
sht >w n in ( I *. ), d 





Jmj; I l\pes of UUeres ustMl on doiDi stu stokei s 

'rill's slokt 1 Im" a \anable spt*fd arraimenumt for eoal fe('d, — 
Ivk 2 i, anel 2? ]>ounds j)(.r hour — anel after prellminaiw te'sts had been 
iiKuh to determine which feeel would .m\e the he's! burnini; condition 
for our si/e of fuinat'e, the intermediate rale' was cliosi n 'J'ln' lowest 
speed ])ioeluciel an excels wf fl\ ash and \ erv little clinker, and the 
hij^hest speed built U]) an excess of coke that could in>t be made to 
bmii mit without freciiU’iit removal of clinker that foimed with the 
(lee]) fuel he'd If this clinker was not removed it would sho\e the 
coke out of the burning /one anel finalK completely fill the fire box 
with nnburned combustible' anel clinke'rs 


® Iron Fireman. 




The ihii-holc tuyere block (H) Fig 3 was installed for the t(\sts, 
as previous tests indicated that the standard tuyere could not burn 
the coking coal successfully and still maintain the full automatic fea- 
tures expected of the stoker method of firing 

Several preliminary tests were run to determine, if possible, the 
air setting that would giv^e the best combustion as indicated by 
analysis of the flue gas A definite value was given to this air set- 
ting to indicate whether the amount of air was bt'ing iru reased or 
decreased between runs It w'as also noted that as the CO- reading 
increased, the stack temperature ap])roached 100()”1‘‘ 'I'his was due to 
st'veral features of design embodied in the coin t ntional hot water 
licating unit, llricfly, these are lack of sufficient volume foi com- 
plete combiision, prest nc(‘ of relatively ( old surface's in thc' com- 
bustion chamber, and a lack of sufficic'iit heat tiaiisfiu' suif.ice in tlu' 
heati'r for the rate of firing used'* '\n effuieiKy of POC could not 
be exceeded due to the heater design s<' this roiinot be attiibiitid 
to the stoker, the* element nixui whuh espermu'ntal wruk was being 
(lone 



bdg 4 is an illustrative plot of results used to calculate the ef- 
ficiency and he at balance of each run. 

Table 1 is a summaiy of nine represcnlativc tests run under 
various conditions as to type of tuyere, air setting, and refractory 

’ Disciis&eel at some length in iCngineerinK Ivxpenment Station Bulletin No .'t9 
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Fik A(‘(MJinulati(in of oliiikoi in fiiiiiju-o at oud of 21 lioin i uii witli 
sl.iri<Lii <1 tujoio 


siirfcut's in llic fiiriiaci Jmli: S ‘-.hows tlu* ( linki i obtaiiird from llic 
tt*sts mduatt'd by th( niinibi-rs 1 , 2 and 5 nrv from the Kosiyn Cas- 
cade J>lack coal while 2 and 4 are fioin similar runs with the Castle 
Ciat( L'tah I'lj; () shows the clinkei as it built ii]) in the furnace with 
no attindance for twimty hours. 
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A study of tiicsc results and other observations, ^ave rise to the 
('r)nc]usion tliat some other form of retort would be lequired to burn 
this hi^jji ash, cakinu coal in the domestic stokc'r. 

IvffiCRnties of over 80'',.' had been obtained wnth the Roslyn- 
Cascade coal in tlu college heatinin i)lant usiim the inultiide retort 
undc*rfeed iinncipU* of l)urnin}4 With this m mind a retort that would 
peTinit the eoiitmiiMUs travid e>f ce>al through the furnace woth an 
ash discliatee at the rear was elesiened The first c'xpermiental re - 



A [I 

7 I'A'pt 1 im< iii.el i.ti'ii*- •'imi. <1 (oi (..niiimnuv (iivi li,» i min .i"!) 

M ( « pl.H le 


loll ( \) 1 \<j 7 was lahiiialiel out o| sUil jjlale so as to inaki’ a 

stndv oi proj lort ion s^ s]<.|a anek. and latc of fca cl The* re'snlts oli- 
tainc'd with tins te^iort indicated that tlu' e Otil couki he hiiined in 
this manner ami the asli since ssfullv disi harec^d 1’attc‘rns were 
woike-d (Uil tor a east iron rel<.it with tuvcic blocks as shown in 
((’*) I'lg 7 "raltU \o 2 l;i\cs a sninni.irv of te-sts made with this 
ic'toit chffu lilt ICS were encountc-red in the form of fusion 

e)f the* clinkei to the lefiactorv snil.iee, the waiping e>f the tu\eri‘ 
blocks and the discharge oi the huge coke* tic'es into ilie <ish ])it If 
the fuel bed wa*- distnibed during tin uins tlu' amount ol ceuiibiistible 
m the' rcdiise was grcalh reeluced Without this aeUatum <»f the 
fire, burning took ])lace around the tuitsnle eelges euilv, as air ce»uld 


not be forced through the coke mass in the center. Various devices 
were placed in the rear of the retort to hold this coke until it was 
burned, but this also stojiped the proper discharge of the clinker. If 
the fire was left unattindcd for twelve or moie hours, the discharge 
to the ash pit would cease entirely and the same conditions would 
exist in the fire box as wire iiointed out with the standard retort; 
namely the accumulation of bulky clinker and coke .sliovid up out 
of the burning zone 

I'rom this senes of tests it was determined that some form of 
breaker or agitator must he introduced into the set-up before good 
efficiencies and elimination ol combustible in the refuse could he 
realized kloving grate bars would comt>licate and increase the cost of 
retoit, so the ide<i of iilacing some obstruction in the path (’if the 
C(jal travel w^as tried 

Figure 8 shows the shapes placed in various positions in the 
path of the coal fi cd Repeated tests with these <.)hst ructions failed 
to find a siucessful aiiangimenl A compact clinker shaped like the 



S Various sliapes placed in retort to afiptati* <'oal and prevent 
formation id coke ti ce.s 


lower part of the reloit would shove into llu* ash pit and unless 
someone w^as there to attend it every few hours the discharge would 
stof), dm* to the clinker resting on ash container, and fnsn^n of clinker 
to the refractory would begin. Figure 9 illustrates clearly this clinker 
problem In breaking off this clinkei, pieces of refractory w’ould 
s])all away and soon the furnace would have to be shut dowm for 
repairs. 
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H) <\im III! att.M lircl dii « < il^ in au^‘‘i din 

till (,'okc as \\(‘ll U" tiu lower •']hh d aiul .ils<> it tl is^ lia ri^’d ''<> 

tliat llu lowei uid < d" iIk retort btt.inie ]»aii and nu re. ised llie e\(.iss 

an to a point wlure it in.rteii.dlv ic'diutd tin tftuuiu\ 

d'lu' inaionty ol donustu stokiis on the ni.irkct tnin tlu eo.d 
.iUL;er at .i])pro \ iiii.it U \ oiu ri\olntion i»er iniinite so tlu‘ .uii;c r can 
be iisi d to dnvi tin auitator tliroip^h jje.irs oi i.iins k'lpntL 10 shows 
siieh a sLt-np with tin i.iiii wdieel alt.nhed dire(tl\ to the .iimn and 
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TABLE II (Continued) 



^ — (^ast non ictnit tuy^ie blocks - Mo\inii ajrit.itnr dinmi 

See Fig 9 

-Test Fyut-iinu ntin^^ with idunt agitator, not sati^tfacioi y 

-Tost 12 & I'i Fxper imonting to (let»^‘rmint* the best inimbt r of ^trokt^^' pei niin foi agitaloi 



Another three hcmr test (No 16) was then made and only 46^/r ef- 
ficiency resulted Tlu' amount of comhustible in the refuse was 3 9^ . 
This lower efficiency was caused apparently hy blow holes that 
developed in the fuel bed 

'Phroughout all these tests it w'as observed that the cokv had a 
tench ncv to bridge o\ er the retort and form an arch of coke that 
would not be effected by either the stationary or niovmp, apitator 
'Phis also incre.ised the tendency foi fusion of ash to take place on tlu‘ 
lefractorv walls J’v usine, a hij;h }:;rade inoiilcKd refractory lor a 
linin.e this fused clinker c tiiiUl be broken off without injiiiy Neve r- 
theless, this clinker w’ouhl build iiji trouble for the householder iin 
less it was loitked after each dav T.efore running "Pest Xr, 17, the 
11 ‘toit was rcinovc cl h om tlu furnace and in'-pccti'd foi Inn nine 'Phe* 
side wmIIs showed no evidence of excess he.itin.e, but the aeit.itor Wris 
burned on the tot) It was apparent that tin whole retort was too 
nai row’ and that the ayhatoi w.is tow hmh on the h'adiiiL' edee A 
new shape wa^ <h\i''e(l tor the amtator with tlu‘ t ross- se e t ion and 
In i^lit rc'clue eel, and als<> a step in lhe‘ to]) surface to Indp to break 
.iway pieee'^ of e oke on tin letufii stroke- as well as the forward 

stroke "Pile tuyere* area was me r(*,ised in the hack ol tin aeitator 

blit decreased in tlie reluit i»rot)er s,) that the lapid bnrtiinn of the* 
coke is coni])h ted in a short travel ah.n^ the le-tort vvilhoiit the 
de‘V'( lopineiil «>f blow' boles The coke that i-^ now present in the 
refuse is due to pu'ce s rolling m as a ebnker breaks and falls into the' 
ash Tcce‘ptaele This can be eorrecte*(l by hveliiye; off tlu* end of tlu* 
retort 

Test No 17 of Table II shows an efficiency t»f 55 7S "I'ests 7, 
10 and 11 sliow efficu neics in excess of ibis amount, but m these 

tests the ])rol)lem «)f discharge* was unsat isfactoi v *\fter tlu* ee^mple- 

lion of Test 17, the* sloke*r rontmued to run for two wei*ks under the 
same conditions and no difficulty was cncouiitCTed in discharge, 
fusion of asli, burning of metal parts, oi merease in the amount of 
combustible in the refuse, tu> poking or cleaning being rccjuiied 

vSatisfied that tlie Roslyn Cascade Slack could be burned success- 
fully at the rate of twenty-four pounds jier hour, runs were made at 
the lowest feed (13 Ib/hr) and the highest (35 Ib/hr) In each case 
the ash was free from combustilile matter but the efficiencies dropped 


18 



to at omul foity five per cent In the first ease tin fire was not thick 
eiioimh to prc\ent blow holes trorn forniinK, although the draft under 
the tire L'reatly reduced The fire was too small for the si/e of 

the tuveie In the second case, the oi)positi v\as true in that a very 
lon.n flame (U\elot)ed and continued to burn even out into the breech- 
ing, '-(» that the stack tem]>eratur( s ran well over 1000" Also, a 
lo'-'^ rc -'lilted ftom an imiea->c in unburned eases 

I’tah Castle^atc coal was next burned at 2-1 lb hr rate, and an 
cttuiemv ' 'f si\tv fi\(‘ i>cr cent was obtained, but due to tlu lovvc'r 
mcltme point of thc‘ a-'h, the aKitat<*i became coated with it during: 
tin down ])erioel and thcui bin nine of the metal took jilace durme the 
on pe rio(l> d'his saiiH' thme happe neel when Rock coal was 

burned, with tlu c\ie])iion that the- losx due to unburiu d hydro- 
caiboii- c\i ceded that oi anv other coal iise-el I'he surj)risine pai t 
ot the hi-'t rim wa^ th.at the Roek v'^prine-. eoal iiec-ded as miu h aei- 
tatioii ,i> the Koslsii C'ascaeU to prevent eombiistibli appearine in the 
a'-h. while tlu I 'mil Coal lu-e ded only half as mm h 

Summary and Conclusion 

This n port deals diieetlv with the v.irious e \ pc nine nt .il letorts 
se I up in an effort to siutesslull\ burn Rosl \ n -Case ade- slack eoal 
1 >iu to tile- meftieient tv pe- of hot-vvate'r hoilei used, i\ces-ive losses 
to the hiee^hine .md stack e .innot be avoided, this loss m tlie m.ijoi- 
itv of test- with domestu bodeis ^.i this i\pt amountnm to e>i 

hette-r ^ 

'i'lu automatic removal ot the a-^h Irom tlu furnace-, and ]>ieven- 
tion of lo-s of eomlnistihle matter m tlu ash was the de-sned goal, 
with eltuie-nev heiim used as an nieasuie* e*f )>ioere-ss 

1 )iu to the- caking ]»iope‘ities of this eoal a high dratt prcssuie 
is reejuire-d to burn it em anv stationarv' giale ami so exce-ss air, due* 
to blow holes, IS hard to t>re‘vent hotii dining tiie running and down 
])e‘riod This i-\cess an carries he*at u]) the stack, lesulting in the 
al)o\ t- me-ntioiu'd losses 

"^I'he moving <igitator breaks uj> tlie coke as it lorms and allows 
the an t<' cuine in cemtacl with all sule*s ot it d'lu air inc-ssiire can 

Krj)()i t (if I iiv ( st m.'it KUis K I eir*) Hene ui e>l Mine-, I ni\(.'rsit\ of \\ ashm^te^ii, 

W’asliinf^ton liie* Bullftin No co, ‘stau.- ColUi^t of \\ ,ishnit;to!i, 

T*iilltuan. W'asliinKton 



then be reduced and an increased efficiency results. If the agitation 
is not too violent, the smaller pieces of coke will nest together and 
prevent blow holes from forming. The air pressure can then be regu- 
lated to give the best possible efficiency with high COa and the mini- 
mum combustible appearing in the ash. 

With this coal burned in the common type of tuyere used in 
domestic stokers, it has been found to be impossible to consume all 
the coke and keep the efficiency up without requiring more attention 
than the householder would be willing to give. But with the new 
retort satisfactory efficiency is attained, the combustible in the refuse 
is reduced to 3% and less, and a perfect discharge takes place with- 
out any attention other than changing the ash receptacles 

To assure long life to the agitator it should be coated with a 
plastic refractory or be made of a special heat resistant cast iron. 
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A Two Way Photo-Electric Traffic Counter 

With Notes on the Selective Type of Counter 


By Homer J. Dana 

As>ist*iiil jlirittor, I'.iiLiim t 

INTRODUCTION 

rt‘t’i‘Tit viai-- liaflu i<>nnts oti \,inoii‘. l>ait^ oi oin 
svsttnis have bit dim iiuiiavjnL’K tli siral>lt aiifl mipdrlaiit, and furtluT- 
iiidi't*, au* lx iii^ ictiuirexl whtic b't dt ral fund-' arc to bi aildtattd In 
btcaust' lilt'll wa'' iiu ^ati -sfact'a y aut ^ anatii U'tdrdnm tv\n-way 
lialfu* Cduntti t . •mim 1 rial) \ .i\ailablt, llu State Cdl)ee;t df W'asbiim- 
tdii, in tddptralidi) with the W a^'lnnyt dii State llmhwav 1 Vjiartme'nt," 
limit nd*»k tlx I V pe mill util) th \ « h *i)nii lit di ^lu li a n-iiiilij Ihimiet 
an aiitdinatu urapiiu rirf.idine: two-way tralfu Cduntei \\a^ dt- 
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i>nl the nidst ltihnuall> minded ]x rson Witli ]>hdio eh i trie counters 
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of tile tratlie idiinlm)^ e(jui]nr 'iit he must iisi 

Till 1 1 Idre, till ^ 11 jidi t is w ntten, Udt dn]\ td de sci ihi the .itUduiatic 
i;raphie tecdidiui: two-wa\ ti.dtu edunler dcMlotied at tin State Col 
let;e ol W’ashniL’ t on , hut also td sit idith ,i di si i iptem of the luiuia- 
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to aeluate a Cduntini; iiuchanisni 
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PRINCIPLE OF THE PHOTO-ELECTRIC CELL USED FOR 

COUNTING 

The i)lioU»-elect ric cell has been iihcd for several yeais ni the 
coviiilinj^ of jHople, or tlie cnmnling of packages ot unils in a factory 
Kays from a lamp on one side of a passage way or a conveyr are 
direcU'd into a lighl-scnsitu e cell on the othei side, allowing current 
to flow through the circuit connected to this cell When the light is 
internit)ted, the current ceases t(> flow Although this iunent is ex- 
tremely small, being m the order iisuallv of one tf) twenty micr<» 
amperes, and too small to operate a power re‘la\, \ et it is adecjiuite to 
control a \acuiim tube amplifier, which m turn will control rcla\s, 
switches, counteis, etc 

^riie photo-electric cell usually selected for us<^ tii a tiahic coiintei 
emjiloys an aiti\e surface of caesiipn dep(»sited on c)\idi/ed siher 'I'lic* 
tube IS tilled with argon gas to produce lom/atnni and thus further the 
e lectron emission \\ hem light l.ills on the* cae sium cathode of such 
a tube* electrons arc' released and p.iss o\er to tlie aiioch , thus causing 
a flow <jf current thioiigh ihc' associated circniis I'he gas-filled 
tube is not cpiite so stable as the vacuum type of Inin*, hut its < utiuit 
is considerably gi eater, making it well suited foi iise in a tiatlic coun- 
ter The \aeuinn t>pe ot tube is more coinnioiilv cin])io\e(l m c*cpn]) 
ment measuring light iiiteiisitv, or in iirecision instiuments 

The current caused to flow thioiigh a photo-electrie cell by the 
focused light from a 50 C'l’ bulb, 50 Uet across the road, will he fiom 
one to four niicio am])eics, accoiding t(* the eh.irai tenshcs of the eir- 
cuit It, f(jr instance, two iniero amj)c res tlow through tlie 1M\ cell 
and through a resistance K of 10 megohms, ilu' voltage dro]) through 
the* ic*sistoi will be 20 \<»lts This is availabK <is negative bias on an 
.iinplitier tube to reduc e the irlalc current to the desired niiinmum 
vSinee tins part of tlu‘ counter ciieuit is sensitive- to c xeei-dingly small 
currents, it is impoitanl that leakage lesistaiiee he maintained at a high 
\alue 'J'hei eforc', the circuit from the anode of the IMv cell to the grid 
of the amyiliher lube should he verv well insulated 

y\ SIMl’LK Ch)L'NTI',R 

A device 1 (j count peoijle, ]>assing ihrtJiigh a dooi way, or packages 
on a coiivevor, etc iiicludc-s one lainij with lens, one photo-electric 
cell with lens, an amyilifier tube, a magnetic counter moehanism, and 
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a power supply. Figure 1 illustrates the fundamental circuit of such 
a counter. 



Fig. I Fundamental circuit of a counter employing a light beam and a photo-electric 
cell to control an amplifier tube which operates a magnetic counter. 


As long as the rays from the lamp shine into the PE cell, current 
from the battery or power source flows through PE, and also through 
resistance R. The voltage drop IR, through this resistor, is designed 



Fig. 2 . Characteristic grid voltage-plate current curve of an amplifier tube showing 
effect of grid control by the photo-electric cell, 
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to bias the amplifier tube T to, or nearly to, cutoflF, except when the 
light is interrupted to execute a count. 

As soon as the light rays are interrupted, (see Fig. 1) the photo- 
electric cell resistance rises to infinity, thus stopping the flow of cur- 
rent from the battery, with the result that the voltage drop through 
R becomes zero. This in turn reduces the negative bias on the ampli- 
fier tube T from C to A (see Fig. 2), which also causes the plate cur- 
rent to rise from L to H. This increase in current is sufficient to 
operate the magnetic counter M in Fig. 1. 

Upon the restoration of the light beam, current through PIC re- 
sumes its normal value, biasing tube T nearly to cutoff and thereby 
reduces plate current to L, which releases the counter magnet, thus 
completing the count. 

It will be noted in this circuft that during the intervals between 
operations of the counter, the amplifier tube is taking practically no 
plate current. This type of circuit is usually employed because it as- 
sures minimum current consumption and long life of the amplifier 
tube. 

SELECTIVE COUNTER 

The counter described and illustrated in Fig. 1 will register each 
object passing before it, but cannot distinguish as to direction. It will 
count persons, animals, packages, and vehicles without distinction. If 
such a counter is equipped with two light.s, and two PE cells connected 
in parallel, (see Fig. 3), then in order to register a count, the object 
would have to interrup both beams of light at the same time. If the.se 
beams are located, say three feet apart, the counter would not register 



Fig. 3. Two separate light beams operating two photo-electric cells in parallel to 
control the same amplifier tube. The two beams might also be focused on one 
photo-electric cell by the use of mirrors, thus eliminating the second photo- 
electric cell. Note the location of ray filters to make the light beams invisible 
except to the electric eye. 
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a single individual, but would count larger objects such as vehicles, 
etc. This is the principle of the selective counter now available 
through the International Business Machines Company. 

Such a counter totals every vehicle which passes before it without 
distinction as to direction of travel. 

DIRECTIONAL COUNTER 

In order to distinguish between traffic going in opposite directions, 
it is necessary either to separate the traffic into two lanes and count 
each lane with separate counters, or use a counter which can dis- 
tinguish direction. A student at M.I.T. originally worked out a system 
of electrical interlocking relays necessary to accomplish distinction 
of direction of traffic in the same lane, and the General Electric 
Company also experimented with such a system for use on a bridge 
at Cairo, 111. 

The experimental counter developed at the State College of Wash- 
ington employs mechanically interlocking relays but in addition is 
equipped with a continuous chart on which is drawn a curve of traffic 



I'lK. 4. General layout of traffic counter located on a curve to minimize errors due to 
cars overtaking and passing each other. This layout is for counting traffic separ- 
ately in the two directions. 
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density, and on which also is stamped periodically, and separately, the 
total traffic in each direction. 

PRINCIPLE OF TWO-WAY COUNTER 

Briefly, the principle of a two-way traffic counter is as follows: 
Two separate light beams are directed across the highway to control 
two PE cells. (See Fig. 4) A vehicle coming from the right will first 
intercept beam R, which sets up a selective relay in the amplifier cir- 
cuit. Then when beam L is interrupted it is able through the selective 
relay already set up, to operate the left-bound counter, which in turn 
unlocks the selective relay and restores the system to neutral ready 
for the next vehicle. If the next car is in the same direction, the per- 
formance is repeated, but if a car comes from the left, then beam L 
is interrupted first, and sets up a^ different selective relay, through 
which the beam R, when it is interrupted can operate the right-bound 
counter, etc. 

DETAILS OF EXPERIMENTAL COUNTER 

In Fig. 5 is shown the W.S.C. counter as installed. The relay 
mechanism is mounted in a one-eighth inch thick steel case equipped 
with a storm-tight door. This case is mounted on a four-inch pipe 
standard, flanged at the bottom and bolted to a concrete pedestal. 
The two PE cells are mounted in adjustable, lens equipped, compart- 
ments attached to the underside of this relay cabinet. 

Power is supplied at 110 volts A.C. by wires extending from a 
roadside pole to the top of a pipe mast on the relay cabinet. No bat- 
teries are required. A radio interference filter is connected into the 
A.C. supply to prevent relay clicks from annoying radio users on the 
same power system. 

The two lamps are located in steel compartments mounted on pipe 
standards on ,the other side of the road and are adjustable so that the 
light beam can be centered directly into the PE cells. Ray filters elim- 
inate all visible rays from the light beams, thus minimizing tampering 
by the curious. Current to supply the lamps is taken underneath the 
road in conduit from the relay cabinet where a master switch turns 
off the power to the system. A step-down transformer at the lamp 
provides the low voltage for standard headlight bulbs. 
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The circuit diagram of the relay system is shown in Fig. 6. Only 
standard telephone and power relays were used throughout, except that 
the time delay relays were specially built for this work. Some simpli- 
fication could have been accomplished by building special relays com- 
bining the counter relay and the counter magnet. 



Pig. S* Typical layout of lights and photo-clectnc cells across a highway for counting 
two-way traffic separately. Concrete pedestals hold the lights in alignment. The 
light beams are approximately 38" above the road surface, and are invisible to 
the motorist or pedestrian. Parallel, instead of diverging beams may be used. 

SEQUENCE OF RELAY OPERATIONS 

As explained in connection with Fig. 1, the light beam, directed 
onto the cathode of the PE cell, permits current to flow through the 
associated circuit which includes resistance R. Referring to Fig. 7, it 
will be seen that such a current imposes an additional negative bias 
on the grid of the amplifier tube T. As soon as the light beam is in- 
terrupted, the plate of the amplifier tube takes current through the 
tube relay causing it to close its three pairs of contacts. As yet, only 
one pair of contacts is active, and that pair energizes the selector relay, 
enabling a mechanical latch to drop behind the armature to hold it in 
operated position. 

This completes the first part of the counting cycle and the beam 
may or may not be immediately restored, depending upon the move- 
ment of the object which interrupted it. 
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Fir. 0 OpcratinR and recording mechani.sm for two-way traffic counter This is. 
mounted in the case shown in Fir. 5 


Setting up the selector relay cfoses a circuit to the opposite tube 
relay contacts enabling that relay, when energized by interruption of 
its a.ssociated light beam, to energize the proper counter circuit and 
complete the count. As soon as the second beam has been interrupted 
the count is made and the selector relay is unlatched, restoring the 
system to neutral ready for the next count. Thereupon, in order io 
prevent the second beam, which is probably still being interrupted by 
the passing vehicle, from immediately setting up its own selector relay, 
a lock out relay is included in the circuit and connected in such a way 
that it is energized during the last part of the counting cycle and re- 
mains energized so long as the second beam is interrupted. 

It will be noted there are two identical sets of relays necessary in 
order to provide a two-way count. 

AUTOMATIC RESTORING CIRCUIT 

(Occasionally, for some reason, only one beam is interrupted, and 
therefore the selector relay is left set up. Whenever the selector relay 
is set up, it closes the heating circuit on a thermal restoring relay. In 
about thirty seconds this thermal relay closes the unlocking circuit 
to the selector relay, restoring it to neutral, and ready for the next 









vehicle. This minimizes the possible error in counting which might 
otherwise occur. 

COUNTING WHEN ONE LAMP IS BURNED OUT 

If one light beam should be permanently interrupted its tube relay 
will be permanently energized and the total count in both directions 
will be registered on the other counter. Restoration of the light beam 
will restore the traffic counter to its two-way function. 

NON-CHATTER DESIGN OF CIRCUIT 

If one light beam is slowly intercepted, the bias voltage on the 
amplifier tube is slowly reduced until sufficient current will flow 
through the plate circuit to operate the relay. When this relay closes 
its contacts, one of the selective relays is also energized. The addi- 
tional current drawn from the power supply causes a slight drop in 
plate voltage sufficient to cause the tube to drop the relay, and, upon 
the resulting rise in voltage, the tube again attempts to pick it up. 
Thus, under certain conditions of operation, especially during foggy 
weather, the counter will ‘‘chatter’* continuously. This runs up a 
deceptive count. 

To overcome this difficulty, connections were made so that the 
energizing of the selective relay imposes a new and additional posi- 
tive bias of several volts on the grid circuit of the amplifier tube. (See 
Fig. 8.) This conteracts the voltage regulation of the power supply, 
and causes the relays to “snap in” and “snap out” positively and with 
no suggestion of chatter. 

RAY FILTERS 

Since PE cells selected for use in a traffic counter are sensitive 
to infra-red light almost as much as to white light, the operation of 
the counter is not seriously hampered by the use of infra-red filters. 
Therefore, the light rays are made invisible by means of such filters, 
thus reducing the inclination of passers-by to tamper with the counter. 
Such filters are usually located between the lamp and its focusing lens. 
(See Fig. 3.) 

EXCLUSION OF EXTRANEOUS LIGHT 

In order to exclude all light except that coming along the path 
of the beam from the lamp across the road, an opaque shield with a 
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yi** aperture is placed between the PE cell and the lens. The parallel 
rays of light coming from across the road, focused by the lens through 
this aperture spread out to fall on the target or anode of the PE cell, 



Fig. 8. Non-chattcr feature of the traffic counter circuit. While the light beam il- 
lumines photo-electric cell PK, the current flowing through it and resistor R adds 
a negative voltage sufficient to bias the tube T to cutoff. As this bias is reduced 
by fog or a slow moving object across the light beam, plate current rises until it 
lifts the tube relay, which in turn closes the circuit on the selector relay. The 
current operating the selector relay flows from the power circuit through Rg, 
producing a positive voltage sufficient to partly cancel the bias voltage in R, and 
thereby raise the plate current through T above the critical value where chattering 
would have occurred. 


but light other than from the lamp does not get through the aperture. 
Under certain circumstances, a white painted vehicle will reflect 
enough sunlight directly into the PE cell to replace the light of the 
interrupted beam with the result that no count is made. However, it is 
obvious that this error is negligible. 
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RECORDING MECHANISM 

Provision is made for recording the traffic count on a continuous 
4^" strip record. Driven by means of an accurate self-starting electric 
clock, the strip record is carried past the counters at the rate of 54" 
per hour. A drum with sprocket teeth engages the edge of the per- 
forated record, thus affording a positive drive. Enough record for two 
months is carried on a spindle from which it is fed past the counters, 
over the drive roll, and onto a spring driven re-wind spool. Provision 
is made for easily removing the record and for inserting a new record. 
Penciled notations may be made on the record while still in the 
counter. Thus a maintenance man can note the time of his inspection 
and any other pertinent facts as to the condition of the counter. 

USE OF WAX TYPE RECORD 

Considerable difficulty is often experienced in the maintenance of 
an ink type pen. This was eliminated by the use of a wax coated 
record, made by the Stylograph Company of Rochester, N. Y This 
consists of a black or a red paper covered with a thin layer of gray 
wax. This leaves a gray surface and when the wax is removed by a 
stylus, a black or red line shows through. Therefore, a stylus replaces 
the pen, and no inked ribbon is required under the figure wheels as the 
figures are imprinted directly in the waxed surface Such a record is 
entirely legible and reliable. 

MAGNETIC COUNTERS 

Two five-wheel magnetic counters are mounted over the strip 
record — one at each margin One indicates right-bound traffic and the 
other left-bound traffic. These are actuated by 110 volt A. C electro 
magnets which in turn are controlled by means of A.C. power relays 
The counter wheels are of the raised figure type suitable for stamping 
the count on the record 

PERIODIC STAMPING OF TOTALS 

Geared to the clock motor is a switch which once each hour actu- 
ates an electro magnet which lifts a platen against the figure wheels 
to imprint the count on the record. The strip record passes between 
the platen and the counters, and therefore, is in position to receive the 
count at the proper time. Stamping is done on the hour. 
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CURVE OF TRAFFIC DENSITY 

An auxiliary switch on each counter is closed momentarily upon 
the completion of every tenth count. This switch closes a circuit which 
causes a pen, so located as to scribe a line down the center of the 
chart, to make an excursion to the side of this straight line. Left-hand 
excursions indicate left-bound traffic by tens and right-hand excur- 
sions indicate right-bound traffic. Thus a group of ten excursions dur- 
ing the first half of an hour indicates that 100 cars passed the counter 
in that time, and the direction is indicated by which side of the line 
the excursions occur. 

ERRORS IN OPERATION OF COUNTER 

If two cars pass each other in front of the counter, only one of 
them will be counted, the direction depending on which beam is inter- 
rupted first. If, for some reason, one beam is interrupted and the 
other is not, then after about thirty seconds, a thermal switch unlocks 
the selective relay and restores the system to neutral without register- 
ing a count. 

Sometimes a trailer will set up the selector relay as it interrupts 
the second beam after the car has completed the count If a second 
car follows within thirty seconds it will be counted in the wrong direc- 
tion, and in turn will leave a selector relay set up However such 
errors will largely compensate themselves. Furthermore, such occur- 
rences are reduced by the diagonal placing of the light beams across 
the road as shown in Fig 4 and Fig. 5. 

APPENDIX 

In order to increase the usefulness of this report to those interested 
in traffic counters, it seems desirable to include a brief description of 
the selective non-dircctional type of counter now commercially availa- 
ble and being used in considerable numbers. This decision w^as further 
influenced by the fact that full information on the circuits of such 
counters has not been available to the traffic engineer for maintenance 
purposes from any source whatsoever. 

The following information and suggestions were obtained through 
the courtesy of the Washington State Highway Department 
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SELECTIVE TYPE COUNTER 

The basic circuit diagram of the selective, non-directional type of 
counter is shown in Fig. 3. In Fig. 9, is shown the detailed circuit 
diagram of the I.B.M. counter, including amplifying and power tubes 
needed to operate it when the light source is a considerable distance 
away. The resistance values as shown, in many cases are not critical. 
This means that the circuit would operate equally well, for instance, 
if the 8 megohm resistors were replaced with 7 megohm resistors, etc. 
Condenser values are all in micro farads. 
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Fig. 9. Tube circuit diagram for the I.B.M. selective type counter. Light to the two 
photo-electric cells, connected in parallel, must be interrupted simultaneously in 
order to register a count. Such a counter will not register pedestians and will 
not recognize the spacing between a truck and trailer unless it exceeds three feet. 
Note that the dual element rectifier tube functions as two separate rectifiers, 
using the same A.C. source during opposite halves of the cycle, and that each 
of the two 8 mfd condensers stores energy during the active half of its cycle and 
yields this energy to its circuit during the other half. This simulates full wave 
rectification in both circuits. 

The circuit diagram.s are not shown for the associated printer 
magnets, time switch, etc., as these are not specially intricate, and 
furthermore, are already available to the maintenance man. 

INSTALLATION OF TRAFIC COUNTERS 

Fig. 10 and Fig. 11 show typical installations of traffic counters. 
Whenever practical, they are located near curves where there will be 
a minimum of cars overtaking and passing each other. 
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Fig. 10. Typical installation of a selective, non-di recti onal type of counter located on 
U. S. Highway No. 410, near Wallula, Wash. Guard rails are found necessary 
to protect the counter from injury by vehicles running off the pavement. 


Guard rails or fences are a practical necessity and in the end are 
proving an economy. In one instance, a traffic counter is mounted on 
concrete pedestals in a 4 foot ditch, clear off the shoulders of a straight 
highway where the view is in no way obstructed. Twice, in as many 
months, vehicles out of control, left the road and tore the counter 
from its foundation, damaging it considerably. 

INCREASING LAMP AND TUBE LIFE 

Experience has shown tha^ a 6 volt automobile headlamp bulb, 
when operated at 6 volts A.C. will last about two weeks. However, if 
the A.C, voltage is reduced to about 4.5, a life of several months' con- 
tinuous use is obtained with little reduction in the infra-red light beam. 

In the I.B.M. counter, the 25Z6 rectifier tube is frequently the first 
to burn out. When adjusting the potentiometer, if it is turned just a 
little past the point where instructions say to stop, the life of the 
rectifier is materially increased. This adjustment does not appear to 
affect the sensitivity or accuracy of the counter. 

COUNTERACTING EFFECTS OF MOISTURE 

Under conditions of high humidity, or considerable changes of 
temperature, moisture may collect on lenses and mirrors of the optical 
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Fig. II. Note the damaged guard fence, provided to protect the counter mechanism 
from injury by passing vehicles. T4ic light beams are invisible to pedestrians or 
passing motorists at all times, due to the use of infra red filters. Power for the 
opposite unit is supplied through a conduit underneath the roadbed. The nearest 
unit is the light source, the other is the light receiver and counter mechanism. 

system, causing failure or erratic operation of the counter Current 
leakage due to collection of moisAure on the base of the photo-electric 
tube gives the same result. Such difficulty has been remedied by the 
installation of a small resistance unit under the lens or next the tube 
base, and connected to the A.C. circuit to act as a heater. 

FAILURE DUE TO TRAFFIC VIBRATION 

The passage of heavy freight traffic often sets up considerable 
vibration in the entire traffic counter unit. This is due both to ground 
vibration from the vehicle, and to air vibration due to motor exhaust. 
Many instances of erratic counting, or complete failure have been 
traced to broken leads or loosened solder connections in the counter 
circuits, v^hich apparently were due to repeated vibration. Loosening 
of contact screws, or of screw adjustments may occur from the same 
cause. 

TROUBLE FROM EXTRANEOUS LIGHT 

When a traffic counter must be located on a north-south highway, 
unwanted light from the .sun in early morning, or late evening may 
enter the optical system to interfere with correct counting. Installa- 
tion of long tubular shields over the receiver lens frequently is suffi- 
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cients to correct this trouble. Reducing the size of the aperture at the 
focal point of the receiver lens is also sometimes necessary. Use of 
either one or both of these devices has made it possible to install a 
traffic counter at practically any desired location. 
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Torsional Stress Concentration Factors At Fillets 


1 Introduction 

It has been known for some time that abrupt changes in the shape 
of shafting cause stress concentrations and that these highly localized 
stresses account for many of the failures experienced in practice. 
Whether the loading of the shaft be axial, transverse, or torsional, the 
maximum stress corresponding to each form of loading will be higher 
at the place of change in shape than in a straight part of the shaft 
adjacent to this location. This degree of concentration (the ratio of 
the concentrated stress to the average stress) for various shapes and 
sizes of shafting is a very important item for efficient design. 

The actual computing of these concentration factors by applying 
the ordinary equations of elasticity is either impossible or impractical 
except for the \ery simplest of geometrical shapes. Because of this 
limitation of the mathematical theory it is necessary to resort to vari- 
ous experimental solutions for the determination of the stress condi- 
tions in rods having non-circular shaped cross-sections, and in uniform 
circular cross-sections with keyways cut in them, and in circular rods 
having abrupt changes in cross-section in the axial direction. 

It is this latter problem of determining the relative effects of the 
fillet and shaft diameters on the torsional stress concentration factors 
and on the shaft rigidity with which this report is concerned. These 
results are based on a study of the plastic flow characteristics of mild 
steel as revealed by actual stress strain diagrams of specimens having 
various ratios of large to small diameters of shafts and of fillet radii to 
small diameters. The general principle underlying the basis of the 
plastic flow method is discussed as is the method used for testing. 
Some macro-etched specimens of twisted rods are included to illustrate 
the mechanism of plastic flow. The effect of fillets on the shaft 
rigidity is also worked out. The concentration factors are given in 
graphical form, together with an empirically derived equation which 
fits the experimental values with a reasonable degree of accuracy. 
These final results are compared with concentration factors determined 
by other methods. 
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Fig. I Basis of Plastic Flow Method. 


II Principle of the Plastic Flow Method 
Fig. la represents the stress strain characteristics of a SAE-1020 
steel subjected to torsion. In this diagram the ordinates represent the 
shear stress in the outer fibre of a uniform rod as determined by the 
simple equation: 

Mr (1) 

o — ■ 

I 

where S, M, r and I are respectively the shearing stress in the outer 
fibre, the twisting moment, the radius of the shaft and the polar mom- 
ent of inertia of the shaft. The abscissae represent the angle of twist 
per unit length of the shaft expressed in radians per inch. This dia- 
gram is a typical one, and it is seen that this material follows Hooke's 
law of proportionality to the upper yield point “A" and then yields 
appreciably without further increase of stress. From this observation 
the generalization may be made that when any part of a specimen of 
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this material has reached a stress equal to the yield value then appre- 
ciable deformation will take place at the region subjected to this shear 
stress. It is also of importance that the converse would be true. This 
means that at any place in a specimen of this material where we find 
large deformations the stress associated with this deformation must be 
equal to the yield stress. The simple principle may now be applied to 
the determination of torsional stress concentrations. 

Fig la and lb represent two torsional stress strain diagrams of 
SAE-1020 steel. For the first case the angle was measured between 
sections two inches apart on the uniform diameter as illustrated in 
Fig. la. In the second case, the angle was measured between the 
shoulders where the fillets join the large shaft “D,” as shown in Fig. 
lb. The difference between the two set-ups is that in the second case 
the two inch gage length includes two fillets. In comparing the two 
diagrams it is seen that both have their stress strain relations linear 
to stress “C.” At this point the uniform specimen indicates that the 
stress of (C) Ibs./sq. in. is below the yield value, whereas at this same 
stress the specimen containing fillets begins to deviate from Hooke’s 
Law of Proportionality. This indicates that the region around the 
fillets has reached the yield stress and plastic flow has taken place. 
With continued application of more moment the area at the fillet will 
continue yielding causing it to deviate more and more from the stress 
strain diagram of the uniform shaft until the stress in the outer fibre 
at a distance removed from the fillet reaches the yield stress. At this 
time the shaft will yield very markedly and behave very similar to the 
uniform shaft after it has br^un to yield, with the exception of the 
increased cold working effect that has already taken place at the fillets. 

The degree of stress intensity or the value of the stress concentra- 
tion factor “k” for the case used is equal to the true yield stress of 
the material represented by ’‘A” in Fig. la divided by the stress cor- 
responding to plastic flow represented by “C” in Fig. lb. This is 
numerically equal to 28,000 Ibs./sq. in. divided by 15,000 Ibs./sq. in., or 
1.86. Physically this means that below the yield stress the stress at 
the fillet will be equal to 1.85 or ‘V’ times the stress at another point 
on the surface of the shaft far removed from the fillet. This place of 
maximum shear stress is located just where the fillet radius is tangent 
to the small shaft and is caused by the complex stress relations ac- 



companying the warpings of the originally plane cross-sections near 
the fillets. The distribution of shear stresses along the surface of the 
shaft is given in Fig. Ic where the maximum stress at section “n” is 
equal to “k” times the stress at the same radius on section “1.” This 
follows since the two sections must resist the same twisting moment 
meaning the stresses near the center of section '‘n" must be less than 
those at This results in a non-linear distribution at “n” compared 
to the assumed linear distribution as indicated in Fig. Id. 

In evaluating the stress concentration factor the yield stress 
of the uniform shaft was taken as the basis of comparison rather than 
the proportional limit which is below the yield stress. This was done 
since the ration of the yield stress to the proportional limit may be taken 
as representing any concentration factor due to material, working or 
heat treatment.' By using the yield stress the total concentration fac- 
tor is given which includes the material as well as the shape factor 
The concentration value as determined for tlic material alone and 
equal to the ratio of the yield stress to the proportional limit, had an 
average value of 1.06. , 

III Testing Procedure 

Specimens. The specimens were prepared from 2" and dia- 
meter hot rolled SAK-102() steel. The yield strengths of specimens cut 
from different rods and from various parts of the same rod varied 
considerably as shown in Table I. For the materials used, including 
those which were annealed, it was found that the yield strengths as 
obtained from uniform diameter specimens varied from 30,000 pounds 
per sq. inch to 14,000 pounds per square inch. In the first tests uniform 
specimens were made from stock adjacent to those from which the* 
specimens with fillets were prepared. The true yield strengths were 
taken from the uniform diameter specimens and divided by the stress 
represented by of Fig. lb for obtaining the stress concentration 
factor. After a few tests it became evident that the yield stress as 
determined from the uniform specimens varied very little from that 
corresponding to “A" of Fig. lb, of the concentration specimen. Since 
the deviation from this value was small and both positive and negative, 
the stress of uniform yielding of the rod with the fillets was taken as 

* Temoshenko, S. and Lessells, J. M., ** Applied Elasticity**; Westinghouse Tech. Sch. 

Press, xpas, p. 412. 
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TABLIS I 


D/d = 2.5 


Stress 


No. 

Min. 

Shaft 

Dla. 

2r/d 

Plastic 

Plow 

Stress 

Yield 

Stress 

Con. 

Factor 

“k” 

Slope of 
Modulus 

Line 

G/G, 

Al/1 

Al 

246 

.740 

,162 

13,000 

20,800 

1 60 

11,400,000 

1.19 

.19 

.38 

247 

.740 

.101 

15,000 

24,500 

1.63 

11,570,000 

1.17 

.17 

.34 

239 

.740 

.490 

15,500 

28,500 

1.84 

12,000,000 

1.03 

.03 

.06 

234 

.740 

.495 

20,000 

25,000 

1.25 

11,350.000 

1 09 

.09 

.18 

235 

.740 

.0123 

13,800 

22,300 

1.62 

11,100,000 

1.11 

.11 

.22 

240 

.740 

.0825 

13,800 

25,080 

181 

10,950,000 

1 13 

.13 

.26 

233 

.740 

.0 

8,800 

23,200 

2.64 

11,500,000 

1.22 

.22 

.44 

236 

.739 

.235 

16,800 

23,000 

1.37 

11,900,000 

1 08 

08 

.16 

2.37 

.730 

.400 

14,400 

23,400 

1 61 

11,960,000 

1.04 

04 

.08 

254 

.740 

.12 

12,700 

25,100 

1.97 

11,100,000 

1.10 

.11 

22, 

2.') 5 

.740 

.326 

14,200 

22,000 

155 

11,150,000 

1.11 

.11 

22 





D/d 

= 20 





55 

.926 

~ro68“7~“ 

16,400 

30,300 

iTSl 

11,700,000 

1.05 

.05 

.iT 

56 

926 

.308 

24,500 

29,800 

1.22 

12,280,000 

11 

10 

.20 


.926 

.193 

17,800 

29,100 

1.63 

11,100,000 

1.116 

116 

.232 

.59 

.926 

.312 

22,000 

30,300 

137 

12,600,000 

0,985 

.015 

.03 

CO 

.926 

400 

22,800 

30,300 

133 

12,830,000 

.965 

035 

.07 

C5B 

.926 

.092 

16,400 

29,400 

1.79 

10,950,000 

1.132 

.132 

.264 

C6B 

.927 

.0638 

14,100 

25,500 

1.81 

10,340,000 

1 2 

.2 

.4 

67B 

.854 

,142 

20,800 

30,300 

1.46 

13,000,000 

.955 

.045 

.090 

74 

.922 

.201 

14,300 

20,800 

145 

11,700,000 

1.06 

06 

.12 

10.) ' 

.911 

.0 

5,950 

24,800 

4.17 

10,800,000 

1.148 

148 

296 





D/d 

= 1.5 





3,5 

1.235 

.06 

i7,500 

30,300 

1.73 


1.12 

.12 

.24 

33 

1.285 

.0825 

16,800 

29,100 

1.73 

11,200,000 

1 11 

.11 

22 

39 

1.234 

,143 

18,200 

23.500 

1.56 

11,050,000 

1 12 

12 

.24 

40 

1.235 

.163 

18,200 

29,100 

1.60 

11,280,000 

i.in 

10 

.20 

41 

1.234 

.17 

18,200 

28,800 

1.58 

11,050,000 

1.12 

12 

.24 

42 

1.234 

.098 

18,600 

28,100 

1.51 

10,570,000 

J 175 

.175 

.350 

43 

1.234 

.253 

23,000 

28,800 

1.25 

11,150,000 

1.112 

.11 

.22 

44 

1.235 

.0478 

15,100 

29,550 

1.96 

10,870,000 

1.14 

.14 

.28 

52 

1.235 

.246 

21,200 

28,400 

1.34 

11,330,000 

1 10 

.10 

.20 

53 

1.234 

.047 

16,000 

29,700 

1.86 

10,680,000 

1 175 

.175 

.350 

61 

1.245 

,1483 

17,200 

28,300 

1.65 

10,850,000 

1.145 

.145 

.290 

68 

1.228 

.151 

14,100 

22,200 

1.57 

10,890,000 

1.14 

.14 

.28 

69 

1.221 

.0632 

16,600 

21,650 

1 39 

10,500,000 

1.18 

.18 

.36 

78 

1.226 

.0432 

12,500 

23,450 

1.88 

11,150,000 

1 11 

.11 

.22 

SO 

1.228 

.151 

16,100 

22,100 

1.38 

11,650,000 

1.065 

.065 

.ISO 

104 

1.233 

.0 

7,200 

24,700 

3.43 

11,100,000 

1.128 

.128 

.256 
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TABLE I (OoBUniied) 


Stress 



Min. 

Shaft 

Dia. 

2r/d 

Plastic 

Flow 

Stress 

Yield 

Stress 

Con. 

Factor 

" k *’ 

Slope of 
Modulus 

Line 

G/G, 

Ai /1 

A 1 





D/d = 

1.33 



~177 

T 35” 

1^ 

iTao ?"”' 

“079 

8100 14,100 

"TT6T“ 

^ io ;66 o ; ooo “" 

~ 1177“ 

IS 

1.393 

.071 

15,500 

25,800 

1.66 

11,250,000 

1.10 

.10 

.20 

14 

1.393 

.113 

18,600 

26,850 

1.44 

11,000,000 

1.13 

.13 

.26 

15 

1.393 

145 

10,400 

24,800 

1.28 

10,860,000 

1.14 

.14 

.28 

16 

1.393 

.0502 

14,400 

25,800 

1.79 

11,000.000 

1.13 

.18 

.26 

17 

1.392 

.239 

14,800 

19,200 

1.29 

11,140,000 

1.09 

.09 

.18 

25 

1.893 

.0323 

13,300 

21,800 

1.64 

11,350,000 

1.093 

.093 

.186 

32 

1.393 

.0423 

16,500 

30,400 

1.84 

11,160,000 

1.11 

.11 

.22 

65 

1.380 

.0565 

13,000 

22,600 

1.74 

11,260,000 

1.10 

.10 

.20 

66 

1.330 

.138 

15,000 

21,900 

1.46 

12,400,000 

1.00 

.0 

.0 

67 

1,331 

.206 

16,800 

21,750 

1.29 

11,800,000 

1.05 

,05 

.1 

71 

1.385 

.133 

15,600 

20,000 

1.28 

11,100,000 

1.12 

.12 

.24 

108 

1,385 

.0 

13,000 

38,800 

2.98 

10,000,000 

1.08 

.08 

.16 

100 

1.393 

.064 

18,000 

31,500 

1.75 

12,200,000 

1.02 

.02 

.04 





D/d = 

: 1 2 

ill^SOMOO' “■ 




To 

1.546 

.044 

13,200 

iWO 

““rst"" 

“■“ iTi ':> 

~TS 

■ .10“ 

20 

1.545 

.130 

14,800 

20,550 

1.39 

10,860,000 

1.142 

.142 

284 

21 

1.545 

.104 

12,400 

17,500 

r .4 i 

11,020,000 

1 124 

.124 

.248 

22 

1.545 

.187 

16,200 

18,750 

1.16 

10,770,000 

1 l .'>2 

.152 

.304 

23 

1.642 

.216 

15,200 

18,750 

1.23 

11,100,000 

1,115 

.115 

.330 

26 

1.545 

.0362 

12,800 

20,000 

1.56 

10,770,000 

1 152 

.152 

.304 

27 

1.545 

.115 

17,200 

20,100 

1.17 

11,490,000 

1.082 

.082 

.164 

28 

1.545 

.077 

12,200 

20,200 

1.67 

10,640,000 

1.167 

.167 

.334 

29 

1.545 

.206 

17,600 

19,800 

1.12 

11,700,000 

1 01! 

.06 

.12 

33 

1.545 

.077 

20,400 

26,800 

1.31 

10,220,000 

1.21 

.21 

.42 

37 

1.645 

.055 

19,600 

29,000 

1.48 

10,790,000 

1,155 

.155 

.310 

54 

1.545 

.037 

17,600 

29,400 

1,67 

11,300,000 

1.1 

.1 

0 

62 

1.545 

.322 

24,000 

27,750 

1.15 

12,160,000 

1.02 

.02 

.04 

63 

1.545 

.241 

23,600 

28,100 

1,19 

10,450,000 

1.185 

.185 

.37 

30 

1.545 

.067 

9,300 

18,700 

2.01 

10,660,000 

1 172 

.172 

.354 

102 

1.545 

.0 

10,000 

25,300 

2.52 

10,740,000 

1.15 

.15 

.30 





D/d = 

1.1 





h 

1.6 S 4 

.0743 

“19;6'60 

““25,800 

“1.31~ 

11,800,000““ 

“1.05 “■ 

“05 

.10 

36 

1.393 

.204 

18,000 

20,250 

1.12 

12,200,000 

1.018 

.018 

.086 

45 

1.373 

.043 

20,000 

28,350 

1.42 

12,350,000 

1.005 

.005 

.01 

46 

1.393 

.074 

18,000 

25,000 

1.39 

10,900,000 

1.140 

.14 

.28 

47 

1.393 

.109 

22,100 

27,750 

1.25 

11,950,000 

1.040 

.040 

.08 

48 

1.893 

.086 

21,800 

29,600 

1.36 

12,300.000 

1.01 

.01 

.02 

40 

1.393 

.208 

20,300 

23,800 

1,17 

12,000,000 

1.03 

.03 

.06 

50 

1.393 

.063 

21,000 

28,350 

1.35 

12,000,000 

1.03 

.03 

.06 

51 

1.393 

.176 

21,000 

26,400 

1.26 

11.800,000 

1.05 

.05 

.10 

81 

1.328 

.177 

17,800 

21,450 

1.20 

12,630,000 

1.02 

.02 

.04 

88 

1.893 

.0 

9,200 

24,800 

2.70 

11,950,000 

1.04 

.04 

,08 

80 

1.893 

.071 

16,200 

24,800 

1.53 

11,600,000 

1,07 

.07 

.14 
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representing the true yield stress. This saved considerable time as well 
as eliminating the possible variation in material between specimens. 
The final curves drawn through the average of the points are believed 
to be the same as would have been obtained by the longer method. 

The specimens were so made that in all cases the diameters of the 
large shafts were either 1.85" or 1.53". This larger value was condi 
tioned by the maximum size of the jaws of the testing machine. The 
shoulders of the large shafts were two inches apart. The most diffi- 
cult part in preparing the specimens was the machining and measure- 
ment of the small fillets. This was accomplished by brazing ball bear- 
ings on to the end of steel stock. The top of the balls were then care- 
fully ground down giving an accurately machined circular cutting 
tool whose diameter could be easily and accurately measured. Fig 2 
shows some of the tools so prepared. By this method it was possible 



to get fillet radii as small as .027", which for the shaft diameters used 
made possible ratios of diameter of fillet tool to diameter of small 
shaft equal to .073 for a ratio of D/d as large as 2.5. For a ratio of 
D/d equal to 1.33 and greater, the difference between diameters was 
sufficient for the fillet radii to be tangent both to the small shaft and 
the square shoulder. For the diameter ratios of 1.2 and 1.1 the fillet 
radii were not always tangent to the square shoulder. This was true 
for the 1.1 curve when 2r/d was greater than .10 and for the 1.2 curves 
when 2r/d was greater than .20 where r equals fillet radius. 

In machining the fillets it \vas found desirable to use a very slow 
cutting speed and fish oil as a cutting fluid. The cylindrical sections 
of specimens were machined to one-half of one thousandth of an inch 
and then given a high polish. Partkular pains were taken in preparing 
all specimens as tests have been reported attributing much of the 
localized stress to surface condition. 

The standard equipment used to measure the angle of twist was 
not accurate enough so the set-up as showm in Fig. 3 was constructed. 
The two arms seen in the picture are twenty inches long and tw’o 



Fig. 3 Setup for Torsional Concentration Tests 
10 


inches apart. The dial micrometer for recording the relative displace- 
ment at the end of the arms was graduate in thousandths of an inch. 
The dial reading for determining the angle of twist was recorded for 
each 100 inch-pound increment for diameters smaller than .926 inches, 
and 150 inch-pound increment for diameters above that value. Then by- 
use of equation (1) the stress of the outer fibres of the shaft at a point 
far removed from the fillet was calculated for each moment increment 
and stress strain curves similar to Fig la and lb were plotted. 

While the readings were being taken the speed of twisting cor- 
responded to one- sixth of a turn per hour and was regulated by hand. 
After the specimen had yielded considerably and the stress in the 
outer surface far removed from the fillet had reached the yield stress, 
the instruments were removed and the rate of twisting regulated by 
the power drive Under these latter conditions the specimen was 
twisted to failure at a rate of one turn every fifty minutes. 

IV. Interpretation of Stress Strain Curves 

Some representative stress strain curves obtained from specimens 
having a ratio of large diameter to small diameter equal to 1.33 are 
given in Fig. 4. The low'er stress values given on the curves represent 
the beginning of plastic flow, and were determined from diagrams 



Fig. 4 Typical Stress Strain Diagrams for Determining Stress Concentration Factors. 
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drawn to a scale of one inch equal to 2,000 lbs. per square inch. This 
large scale was used for the determination of all values quoted in this 
report. The figure shows the gradual decrease in the plastic flow 
stress as the ratio of 2r/d decreases. The specimens represented were 
all cut from the same rolled stock and there is not much variation in 
the stresses corresponding to the uniform yielding. The yield values 
from all of the specimens having this ratio of diameters w^ere not the 
same however as seen in Table I, but the stress concentration factors 
as determined from the curves for the various materials fall on a 
smooth curve. Table I gives the plastic flow’ stresses, the yield stresses, 
and the stress concentration factors for all the tests made. Fig. 5 
gives the data in graphical form showing the distribution of the in- 
dividual points with respect to the average curve. 
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Fig. 6 gives, to a larger scale, all the curves of Fig. 5 and shows 
the effect on the concentration factor of the ratio of shaft diameters 
and of the ratio of fillet radius to small diameter. These curves are in 
a usable form as the curves and coordinates are expressed in terms of 
dimensionless ratios. 

Whether these concentration factors are dependent upon the ratio 
of diameters and fillets alone and independent of actual sizes is still 
open to question. When stress concentrations are not present model 
testing appears to be justified. With stress concentrations, and espe- 
cially those accompanying dynamic loading present, the results appear 
to vary with size, the small specimens tending to give higher values.® ® 
To have complete similarity not only w’ould the geometric properties 
have to be considered, but also the modulus of elasticity, size and char- 
acteristics of crystal system, strain hardening characteristics, surface 
finish, loading conditions, and speed Until the laws concerning the 
transfer between the results from specimens of different sizes arc 
better understood the dimensionless treatment appears to be the most 
suitable form. 

The use of Fig. 6 is illustrated by the following example. Consider 
a shaft of four inches large diameter and three inches small diameter, 
having a fillet radius of .170. In this case the value of 2r/d equals 
.113 and the value of D/d = 1.33 The dotted lines of Fig. 6 indicates 
for this case a stre.ss value equal to 1.41. This means that the tor- 
sional stress at the fillets is 1.41 times the torsional stress at the surface 
of the small three inch diameter shaft as calculated by equationl. For 
design purposes, the maximum allowable stress on the small uniform 
shaft should be equal to the maximum allowable shear stress of the 
material divided by 1.41 in order that the stress at the fillet shall not 
exceed the allowable working stress of the material used. 

V. Shaft Rigidity 

Table I list.s the slope of the modulus line or the "apparent 
modulus of elasticity.” This change in rigidity appears to be a func- 
tion of the ratio of D/d and 2r/d. Rather than use a varying modulus 
of elasticity in complex shaped .shafting it is common to use a con- 

^Peterson, R. E. “Model Testi^ as Applied to Strengths of Materials**; Journal of 
Applied Mechanics, A.S.M.E., Vol. 4, 1933. 

• Nadai, A. and MacGregor, C. W., On Eaws of Similitude in Material Testing"; 
A.S.T.M., Vol. 34, part II, p. 2x6, 19.14. 
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slant modulus and change the dimensions of the shafting. From out 
data it is possible to determine the increment of length to be added to 
the original length for using the true modulus of elasticity in calculat- 
ing the angle of twist. By denoting the increment of length “Al,” the 
apparent modulus of specimens with fillets “G’/’ the true modulus 
“G,” the moment of inertia of the small uniform shaft “I/* and the 
applied twisting moment “M” we have by applying the Coulomb equa- 
tion: 


M(1+A1) Ml 

= or 

GI G^I 



The "Al” referred to is the amount to be added to the small shaft 
when two fillets are present. For the case of one fillet one half of 
this amount would be used. Table I gives the values for this length 
increment for all of the specimens tested. The values in the table were 
calculated taking the true modulus of elasticity as 12,400,000 lbs. per 
sq. in. The ratio of the increment of* length to the length of the shaft 
is plotted against the ratio of the fillet diameter to the shaft in Fig. 7. 
Thus it is possible to disregard the fillets and add “Al” to the distance 
between the shoulders and calculate the angle of twist of the new simp- 
lified shaft of equivalent rigidity by using the value of 12,400,000 Ibs./sq. 
in. for “G*’ and the value of (1+Al) for 1 in the simplified Coulomb 
equation. This reduction of complicated shapes to equivalent shafts 
of uniform diameter is very convenient when computing the natural 
frequencies of rotating machinery.^ ® This value of “Al” is not a con- 
stant for all lengths, and further work is being done in determining 
how it varies with length which will be reported at a later date. The 
large deviation of the values from the assumed average curves drawn 
in Fig. 7 are due in part to the inaccuracy inherent in Equation 2. This 
equation shows that as the ratio of modulii approaches unity a small 
change in its value will produce a relatively large percentage error in 
the length increment. The average modulus of elasticity of 12,400,000 
lbs. per square inch used in the determination of the modulii ratio 

^ Temoshenko, S. **Torston of Crankshafts”; A.S.M.E.> Vol. 44 (1922), p. 653. 

« Porter, F. P. ”Range and Severity of Torsional Vibrations in Diesel Engines,” 
A.S.M.E.» APM 50-8, 1928. 
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Fig. 8 Comparison of Test Data with Empencal Equations 


appears to be high. This was the average value obtained from uni- 
form specimens using a two-inch gage length. In using this value it 
would be necessary to take the modulus of elasticity in tension as 
31,000,000 lbs. per square inch to obtain a reasonable value of Pois- 
son's ratio for mild steel. 
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VI. Empirical Equations for Stress Concentration Curves 

These experiments include an investigation of the values of dia- 
meter and fillet ratios that would be used in shaft design. Instead of 
using the curves of Fig. 6 for obtaining stress concentration values 
for design, the two following equations are given as fitting the test 
results with a sufficient degree of accuracy. 


.1 -M + .ojs D/(l 

K = . 86V D/d (d/2r) 

(3) 

.20 

K = .9 lo(T (8 D/d) (d/2r) 

(4) 


Fig. 8 gives a comparison of the actual test curves, obtained from 
the plastic flow method, with those obtained from equation 3. The experi- 
mental curves are represented by dot and dash lines. The full or equation 
lines extend to infinity when the hllet radius becomes zero but at a 
value of 2r/d equal to .005 the agreement between the two sets of 
curves is very good and this fillet ratio is smaller than would be used 
in practice. The equation alsi» gives stress concentration values less 
than one for very large values of 2r/d but again these values are out- 
side the practical limit. For using the equation for values of the ratio 
of diameters greater than two, the concentration values r)htained would 
be larger than the true values. In the extreme case where a shaft 
would join into a plate the ratio of diameters wi>uld be very large and 
the formula gives values considerably higher than the true values. 
Stress concentration values for the extreme case where the ratio of 
large to small diameter is taken as equal to infinity have been worked 
out using the graphical method originally proposed by Willers.® This 
result varies but little from the plastic flow results, for the case where 
the large diameter equals twice the small diameter 

The agreement between equation (4) and the plastic flow results 
are given in Fig. 8b For the lower values of the ratio of diameters 
this equation does not fit the results as well as equation (3), but for 
the ratio equal to 1.33 the curve fits almost exactly. 

VI. Position and Angle of Fracture 

The type of fracture obtained was of interest and revealed the 
actual plane of failure to be at the beginning of the fillet on the small 
shaft and that this plane of failure was not perpendicular to the axis 

•Willers, F. A. ‘‘Z. Math Physik,*^ Vol. 55, p. 107. 
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of the shaft. The location of the fracture coincides with the position 
of maximum stress as obtained from studies confined to idealized con- 
ditions. The cold working accompanying the plastic flow of the ma- 
terial after reaching the yield stress had evidently not changed the 
stress distribution to the extent that the location of the plane of 
maximum stress had changed. This position of the failure starting at 
the beginning of the fillet was clearly seen when large fillets were 
used and, after the fracture occurred at one of the fillets, cracks could 
be observed at the other fillet. 

In a circular shaft of uniform diameter subject to pure torsion, 
the plane of maximum shear stress is normal to the axis of the shaft 
The planes of maximum tension and compression are 45° from this 
plane of maximum shear stress, or 45° from the axis of the shaft. 
These maximum tension and compression stresses acting on the 
45° planes are both equal in magnitude to the maximum shear stress. 
When the diameter of the shaft is no longer uniform and a fillet is 
introduced, the direction of the maximum shear and normal stresses 
are no longer respectively normal and 45° to the shaft axis. In the 
region of the fillet the planes normal to the shaft axis before twisting 
become warped upon application of a twisting moment and complex 
stress conditions result. Fig. 9 shows, as a result of this condition, 
that the plane of failure, or the plane of maximum shear stress for 



Fig. 9 A Typical Fractured Specimen 

a ductile material, makes an angle other than 90° with the shaft axis. 
This angle varied with the specimens tested, depending upon the ratio 
of diameters and the size of the fillet radius used. In addition to the 
angle of fracture Fig. 9 shows the crater, at the center of the shaft. 
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Fiff. 10 Fractured Specimens Having Various Ratios of Diameters 


This last place of breaking had the appearance of a pure tension break 
on a plane approximating 45® and could be observed in all of the 
specimens. 

Fig, 10 shows the angle of fracture and the crater effect for 
specimens having ratios of diameter varying from 1.50 to I.IO. 

As a further check on this angle of fracture some cast iron speci- 
mens were made. Cast iron being weaker in tension than in shear 
will fail when the maximum diagonal tension stress reaches the tensile 
strength of the cast iron. By twisting cast iron specimens to failure 
it is possible to determine how much the plane of the maximum ten- 
sion stress deviates from making an angle of 45® with the shaft axis 
when the failure occurs at the fillets. This angle may then be com- 
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pared with the angle of maximum shear as obtained from a mild steel 
specimen of the same proportion to see whether the plane of maximum 
tension and shear are 45*^ apart. Such a comparison is given in Fig. 11 
which shows two sets of steel and cast iron specimens, the set at the 
left having comparatively small fillets and the set on the right having 
large fillets. By measuring the angles of failure it was found that the 
shear angle of the small fillet specimen was — 15* and of the large 
fillet specimen — 18* from the cross-section plane of the shaft. The 
corresponding angles of the planes of maximum tension determined 
from the cast iron specimens were 35* and 31*. It is of interest that 
the difference between these angles of shear and tension are 50* and 
49* and vary but 5* from the ideal value of 45*. 


Fig. IT Comparison of Fractures of a Ductile Material with those of a 
Brittle Material. 


VIII. Plastic Flow Phenomena 

The specimens tested were made from hot rolled and annealed 
SAE 1020 steel. The concentration values were the same whether the 
specimens were in the hot rolled or annealed condition, but the direc- 
tional characteristics associated with the rolling process did seem to 
have an effect on the final plastic flow of the specimens. To explain 
this condition recourse was made to macro-structures and photo- 
elastic analysis. 
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Fig. 12 Maco-structures of Specimens Subjected to Torsion. 


MACRO-STRUCTURES. Strain patterns may be revealed by 
etching poh.shed sections cut from severely deformed specimens. For the 
material used best results were secured using a mixed acid solutioti 
containing 38% hydrochloric, 13% sulphuric acid and 50% water. Im- 
mersing the specimen in the solution and heating gave the best results. 

Fig. 12 gives macro-structures for hot rolled specimens. Fig. 12a 
gives a structure developed on a section cut through the center of a 
specimen having a ratio of large diameter to small diameter equal to 
1.10. The concentration at the fillets is clearly revealed. Fig. 13b and 
12c show the combined effect of the rolling process and the stress dis- 
tribution at the end of the specimens due to the method of holding 
by four jaws in the chucks of the torsion machine. As the chuck in 
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(c) 


(a) (b) 

Fig. Maco-structures of Annealed Specimens Subjected to Torsion. 

the machine revolver a twisting movement is transmitted to the speci- 
men through the four jaws in the chuck with the result that very high 
stress concentrations occur in the neighborhood of the jaws. The 
mutual effect of these concentrated stresses gives a stress pattern very 
similar to a square on the cross-section of the shaft at the jaws. Out- 
side lhi> square tlie deformation is not sufficient for the etching re- 
agent to be effective and near the center of the square, w'hich is the 
center of the shaft, one would also expect the etching solution to be 
ineffective Although the center is not as dark as the corners, it does 
etch and this may be attributed to the part played by the fibering of 
the rod resulting from the rolling. l>y assuming the rod made up of 
a bundle of wires with their axis parallel to the axi.s of the rod, then 
the effect (.»f the twisting on the small diameter Avould carry through 
and account for the high stress near the center of the cross-section. 
Evidence of this carrying through is given by Fig. 12d which gives 
the macro-structures for both ends, as well as ft>r a section through 
the specimen. The jaw grips extended approximately one- third of the 
length of the section of large diameter. This picture 12d also shows 
the position of the stress concentration and the high stress along the 
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outside of the small diameter. Further evidence of the carrying 
through effect was obtained from macro-structures of sections cut 
from a rod of uniform diameter. In this case the square could be 
detected on a section removed at least three diameters from the jaws. 

The specimens that had been annealed prior to the twisting 
showed no such structure when they were cut into sections and etched. 
In addition to the mixed acid solution, other reagents, such as an 
iodine solution, and Fry's reagent were tried without success in pro- 
ducing the fibred structure.’ The annealing process consisted of heating 
the specimens for four hours at 1650® and allowing them to cool down 
with the furnace. This soaking of the steel above the critical tempera- 
ture followed by slow cooling replaced the previous grain structure 
with a new equi-axed randomly orientated grain structure which had 
no directional characteristics. These specimens when etched showed 
the effects of stress concentration without the carrying through effects 
of the jaws. 

Fig. 13 shows three specimens that were annealed, twisted, and 
then etched. Fig. 13a and 13b were twisted to failure while Fig. 14c 
was taken out of the machine before failure took place. Fig. 13a shows 
the effect of the small fillet and the high stress along the outer edge 
of the small diameter. The effect of severe stresses cannot be observed 
near the outside of the large diameters which is to be expected as the 
stresses vary inversely with the cube of the diameters and the differ- 
ence in diameters is sufficient to keep the stress in the large part at 
a low value. Fig, 13b shows that the beginning of the fillet is the loca- 
tion of the maximum stress. Fig. 13c does not give the contrast the 
other specimens did, but does tell something about the place of maxi- 
mum stress and general stress distribution. 

PHOTO-ELASTIC PICTURES. To further verify the stress 
pattern on tJie cross-section of the twisted rods, photo-elastic pictures 
were taken of a circular disc subjected to approximately the same jaw 
loading conditions as the ends of shafts in their chucks. The photo- 
elastic analysis is confined to two dimensional stress conditions, but 
it is assumed that within the jaws the stress pattern would not vary 
much in the direction of the rod axis and as such may be assumed 

^ See Metallographic Testing for Ferrous and Non-Ferrous Metals; A.S.T.M., Desig- 
nation E3-36. 
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Fig. 14 Shear Stress Distribution in Circular Discs. 


two dimensional. Fig. 14a and 14b give the shear stress pattern in a 
circular disc subjected to two different loading conditions. The pic- 
tures show the high stress concentration near the jaws and that these 
stress lines are approximately circular. The mutual effect of these con- 
centration patterns on the rest of the specimen produces an approxi- 
mate square .similar to what w’as observed in the macro-etched speci- 
mens. The photo-elastic picture shows relatively low shear stresses 
near the center of the specimen which differs in degree from the 
macro-etched patterns. To explain the etching near the center of the 
rod the carrying through phenomena seem logical. A detailed analysis 
of the fringe patterns of Fig. 14a and 14b would show that the point 
of maximum shear stress is not at the contact of the disc and the jaws, 
but underneath the jaws at a aistance inside the rim of the disc.* This 
explains why the corners of the squares in the macro-etched specimens 
do not occur at the outer edge of the shaft. The fact that the corners 
of the square are displaced slightly from the position of the jaws is 
due to the difference in loading of the actual shaft in the machine as 
compared to the ideal conditions assumed in loading the transparent 
disc. The jaws of the machine apply their load at an angle to the 
radial lines of the shaft which accounts for the displacement. 

IX. Comparisoa of Results with Published Data 

The various methods used for the determination of torsional stress 

•See^Horger, O. J. “Photo-JJlastic Analysis Practically Applied to Design Problems**; 

Jr. of Applied Physics, July, 19381 P* 461. 
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concentrations appear to yield results which are not in agreement with 
one another. These methods may be classified as the mathematical 
method of Willers®, the electrical analogy of Jacobsen®, the brittle 
material method as used by Seely and Dolan”, and the reversed stress 
method as used by a number of investigators.” ” 

A comparison of concentration values obtained by the plastic flow 
method as compared to those of Jacobsen are given in Fig. 15. The 
curves show" the values corresponding to the low and high values of 
the diameter ratios to agree quite well. The distribution of the curves 
bearing diameter ratios of 1.2, 133 and 1.5 between the limits 1.1 and 
2.0 do not agree so well. 



’'Jacobson, S. “Torsional Stress Concentration in Shafts,*’ 
Vol. 47, p 619. 


A.S.M.E. Trans., 192s, 


Vol. 47, p 619. 

Seely, F. B. and Dolan, T. J. “Stre.ss Concentration at Fillets, Holes and Kcyways 
as Found by the Plaster-Model Method”; Bulletin 276, Eng. Exp. Station, Univ. 
of Illinois, June, Z935* 

Dolan, T. J. “The Combined Effect of Corrosion and Stress Concentration at Holes 
and Fillets in Steel Specimens Subjected to Reverse Torsional Stress”; Bulletin 
293» Eng. Exp. Sta., Univ. of Illinois, April 1937- 

Armbrustcr, E. “Einfluss der Oberfiachenbeschaffenheit auf den Ing. Spannungs- 
verlauf und die Schwingungsfestigkeit” Vcr Deutsch Ingr, Vcrlag, 1931. 
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The results of tests using plaster models” showed very low con- 
centration effects associated with the fillets. Using a square corner 
with a value of large diameter to small diameter equal to two, the 
stress concentration factor equaled 1.30 and for a value of 2r/d equal 
to 0.12 for the same size of shafts the average value of was equal 
to 1.13. These values seem very low and hard to explain although the 
results of fatigue or repeated stress on certain materials give values 
equally low. 

The concentration factors obtained from repeated stress tests give 
results that vary considerably with the material used. There is so 
much variation that it can only be said that for a particular material 
of specific dimensions a particular value of “k” w^as determined by 
means of the reversed stress method. It does not necessarily follow 
that the concentration values obtained by the reversed stress method 
should equal those obtained by the plastic flow method. The latter 
method uses the change in yielding characteristics as an index of con- 
centration while study has shown that there is no reliable one to one 
correspondence between the yield strengths and endurance limits of 
materials It is of interest to point out that the values obtained by the 
plastic flow method are higher than those obtained for either the brit- 
tle material method or the reversed stress method, so that they can 
could be used with safety. They must, however, be confined to tor- 
sional cases as the stress concentrations produced in bending of shafts 
of the same geometrical proportions are considerably higher.** 
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Heat Treatment Of A Magnesium Alloy Containing 
Zinc And Aluminum 

James G. McGivcrn 

Lately Assistant Profesbr>r in Mechanical Engineering 

1. INTRODUCTION 

The many studies made on tin equilibrium relations between mag- 
nesium and other elements have established a rational basis for a 
study of the heat treating ]>osviI)i|ities •>! niasiiiesium allots. The 
equilibrium diagrams obtained from tIR*^e studies indicate that alloys 
of magnesium c^uitaining alunnnuni, bi-imitlg calcium, ccriiun, lithiuni, 
manganese, lead, silver, tin, zim, (>r thallium all sliow a decreasing 
solubility with a falling tt mpt ratlin, and as sucli an* cai>al)le of age 
hardening ’ 

When using this a l^isis of lieat tnatineut the resulting changvs 
in hardness \ary C'>nsideiahl\ , dtjKndine upon the particular alloying 
clement, the rau. at which its Soluluhty decreases with temperature, 
ami the ease and luiinner with winch the excess muisiiiuent goes 
out of solution. In S(une uistaiu although llu' diagrams predict 
aging possihilitie", the actual hardius^ change? are \erv slight and 
at the present tinu these alio)" are of little commercial importance. 
Others such U" alh‘>s containing aliiniinum give convideralile change 
with heat treatment and have bi c n in cfunnuTcial use tor some time 
Alloys with zinc also exhibit bardnos.s changes iipcm heat treatment 
and as a matiTial of ( iigineei Ine thev are iiist coniiiu' into use, al- 
though actual data on their specific i»ropeTties resulting from heat 
treatment are lacking in the liter atuie. 

The purpose of this paper is to present the results of heat 
treatment on the tensile properties of an extruded magnesium alK>y 
containing 3% zinc and 3^c aluminum. The heat treatments con- 
sist of annealings at relati\ely high temperatures and two aging 
treatntents, one from the as-rcceived condition and the other from 
the annealed state. For each individual treatment cur\ es are plotted 

* Chubb, W, F„ “Age Hardening Magnesium Alloys/* bight Metals, April, 1939 
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for the usual values of hardness, maximum strength, breaking strength 
yield strength (*20% permanent set) percentage elongation in two 
inches and reduction in area. In addition the yield strength (.10% 
permanent set) Johnson’s limit, stresses corresponding to specified 
sets, true elongation in two inches, and the true breaking stress on the 
basis of the reduced diameter arc given. These values are included to 
furnish data to later correlate with the results of shear tests now being 
planned. 


II. HEAT TREATMENTS 

The heat treatments given this alloy prior to testing are described 
in detail in the preceding bulletins of this series.*^* These treatments 
are all based upon the decreasing solubility of the alloying element 
in magnesium accompanying a lowering of temperature. As in preced- 
ing experiments the specimens were covered with iron filings to 
prevent oxidation. 

The annealing treatment consists of heating at temperatures 
above 600® F. This is above the line in the equilibrium diagram in- 
dicating the limit of solid solubility of zinc in magnesium.® This 
treatment has two objectives, the first to relieve the material of any 
strain hardening associated with the extrusion process and secondly 
to cause any undissolved inter-metallic compound to go back into 
solution. To relieve the cold working effects recrystallization must 
take place. The zinc and aluminum will raise the recrystallization 
temperature of the alloy but it is doubtful if it will raise it 298® F. 
above the quoted temperature of 302® F. for pure magnesium.® The 
amount of precipitated intermetallic compound that must go back 
into solution as such, or as the individual metals, is a function of 
the degree of working and the temperature at which the working was 
done. This varied considerably among the specimens as evidenced by 
the micrb-striiclure.s. 

* McGivern, James G., and Wilkinson, Clinton A., “Precipitation Hardening of a 

Magnesium Alloy Containing Aluminum,'* Eng. Exp. St. Bulletin No. 50, 1987. 

* McGivern, James G., “Physical Changes Accompanying High Temperature Annealing 

of a Magnesium Alloy," Eng. Exp. Sta. Bulletin No. 52, Jan., 1938. 

* McGivern, James G., “Physical Changes Accompanying the Aging of a Magnesium 

Alloy," Eng. Exp. Station Bulletin No. 54, September, 1988. 

* Chadwick, “Constitution of the Alloys of Magnesium and Zinc.," Jr. of Ind. of 

Metals, 1928, Vol. 89. 

* Jefferies, Z. and Archer, R. S., “Science of Meuls," Mc-Graw Hill Book Company, 

New York, p. 86, 1924. 
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Fijf. 1. Changes in Physical Properties Accompanying Annealing. 
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The aging treatments consist of heating the material at tern* 
peratures tip to 420* F. This was done to material in the as^recetved 
condition and to specimens that had prevtottsly been annealed at 
800* F. After specified lengths of time specimens were taken from 
the furnace, quenched in water and then tested for hardness and 
strength. 


III. ANNEALING TREATMENTS 

Figure I gives the changes in physical properties for 850* F., 
800®F., 750*F. and 600®F. annealing treatments. The 8S0*F. anneal 
gives the lowest strength and ductility characteristics and these re- 
main practically constant after the first four hours. For the other 
curves the change in properties remain practically constant after a 
period between twenty-five and fifty hours. The changes in the first 
stages are associated with the recrystallization following the extru- 
sion process and with the obtaining of an equilibrium condition 
with respect to the previously precipitated intermetalHc compound. 
Before heating the working effects and precipitation both contri- 
buted to giving the material directional characteristics. 

The working process being above the critical working tempera- 
ture caused the hexagonal crystal lattice of the magnesium metal to 
line up with the basal planes parallel to the direction of working. 
Since a hexagonal crystal has only one plane of easy slip this 
preferred orientation leaves the alloy with very definite directional 
properties. To further accentuate this condition the precipitation 
of the intermetalHc compound occurred in stringer form in the 
direction of working as seen in figure 2a. The annealing caused the 
precipitate to rearrange itself as illustrated by the micro-structural 
changes accompanying 800* F. annealing given in figure 2. Experiments 
have shown that recrystallized grains resulting from annealing do 
not always have random orientations but that for magnesium the 
recrystallized grains many times have the same directional properties 
as the originally worked metal.’ Experiments arc now being con- 
ducted on this characteristic and present indications are that this 
alloy retains its directional characteristics upon annealing. 

^ Schiebold, E.. & Slebel, G.» ^^ZeitschHIt fur Phystk,*' Vol. 69, p. 450. 
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C D 

Vig* 2. Cbanges in Blicro^Structures for 800* F. Annealing. Specimen A untreated. 
C» and D hare been annealed 8 and 22 hours respectively. 

The original material varied as revealed by hardness and the 
amount of precipitate observable on micro-structures. The break- 
down of the fibered structural pattern is illustrated by figure 2. At the 
end of three and otio-half hours the stringers have been broken up 
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and with further heating a more uniform dispersion is revealed. Con- 
siderable difficulty was experienced in securing a satisfactory etch 
for this alloy. After trying many solutions it was found that a strong 
solution of malic acid would reveal precipitation while strong solu- 
tions of HaS04 and NOH« would bring out grain boundaries. To draw 
any worthwhile conclusions as to the mechanism of precipitation or 
of the dissolving of the inter-metallic compound more work should 
be done. Particular consideration should be given to the ability of 
an inter-metallic compound to form solid solutions which seems to 
be open to question.* 

IV. AGING FOLLOWING ANNEALING 

Figure 3 gives the results of aging following a preliminary 800® F. 
anneal. The aging temperatures used were 420® F., 350®F., 2S0®F. 
and 150®F. The object of these tests was to determine the effect of 
temperature on rate and amount of precipitation from the super- 
saturated solid solution that was produced by quenching from 800®F. 
The effect is measured by change in physical properties accompany- 
ing the aging process. 

The increase in the slope of the hardness, yield strength, and 
maximum strength curves with increasing temperatures as given in 
figure 3 show that the rate increases with temperature. 

Although the rate of aging is faster the maximum strength 
and hardness of the 420® F. aging is not as great as for the lower 
350® F, aging. This may be accounted for by the fact that at the 
higher temperature the solubility of the zinc in the magnesium in- 
creases which decreases the amount of super-saturation of the inter- 
metallic compound. Both the 420® F. and 350® F. curves show over- 
aging. This may be attributed to the fact that the precipitated par- 
ticles arc larger than that required to produce maximum hardness.® 
Because of the visible precipitate at the beginning of aging it is 
not probable that overaging in this case is explained by the Knot 
theory’® which attributes hardness to the atomic forces set up in 
the formation of the inter-metallic compound which is followed by 

•Gann, J. A. and Brooks, M, E., “Constitution of Magnesium Zinc Alloys,” Metals 

Handbook, 1939 edition. 

•Merica, P. D., Waltenberg, R. G. and Scott, H., ”Heat Treatment of Duralumin,” 
_ ^ Bulletin American Institute of Mining Engineering, page 973, June, 1919. 
'•Mkrica, P. D., Transactions of A.I.M.E. (1932). 
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Fig. 4. Fractured Specimens. (Reading from left to right). Specimens in top row 
have been aged at 350*’F. 108 hrs.» 0 hrs., 200 hrs., and 5 hrs.» respectively 
following a preliminary 800 **F. anneal for 18 hrs. Second row has been annealed 
at 800** P. 3 hrs., 24 hrs., 0 hrs., tyi hrs., and 0 hrs., respectively. Bottom row 
has been aged at 360° F. from extruded condition 5 hrs., 238 hrs., 17 hrs., and 
85 hrs., respectively. 


a softening or overaging when the particles are actually formed 
and precipitated. The actual changes in strength resulting from 
aging are not as great as those previously reported for the magne- 
sium alloy containing 8% aluminum and the ductility is not enough 
different to offset the lower strength. 

The results given in figure 3 are typical values obtained when 
the aging followed heating an arbitrary number (17;4 and 18^) of 
hours at 800* F. Although complete tests on all the physical proper- 
ties were not taken hardness tests were made on specimens aged 
after being annealed for different loigths of time at various annealing 
temperatures. The results of these tests were similar to those re- 
ported, any differences being due to rate of aging father than final 
values obtained. 
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The types of fracture accompanying the 800® F anneal and the 
360® P aging are given in figure 4. These specimens show how the 
type of fracture changes gradually from the 45® shear failure of the 
speciment to the square type of brittle tension failure for the com- 
pletely aged specimen. 

V. AGING FROM THE EXTRUDED CONDITION 

Figure 5 gives the physical properties of specimens aged at 420® F, 
360® F, and 250® F from the extruded or as-received condition. In the 
first five to ten hours of heating these curves show that the yield 
strength, hardness and maximum strength drop. After this initial 
softening which is attributed to a particular anneal the strength and 
hardness increase until they reach a value which apparently is a 
maximum for each treatment. The accompanying change in elonga- 
tion and reduction of area is not so apparent but is pronounced for 
the 360® F treatment. It will be noticed that the change in the yield 
strength is greater than the corresponding changes in the maximum 
strength. The low temperature, (250®) aging appears to give desirable 
results. The maximum strength varies very little but the yield 
strength increases to 34,000 Ibs/sq. in. from 28,000 Ibs/sq. in. This 
change is not done at a sacrifice of ductility as the data show that 
both the percentage elongation in length and percentage reduction in 
area are above 20%. 

Figure 4 gives fracture pictures accompanying the 360® F aging and 
these show the transition from the shear fracture to a combination 
shear and tension fracture which accompanied the aging. 

VI. EFBCT OF TEMPERATURE ON HEAT TREATMENT 

All of the preceding charts give changes in physical properties 
accompanying heating for various time intervals. By taking the same 
data and using temperature as a variable, charts similar to figure 6 are 
obtained. These curves are correct for a fifty hour heat treatment but 
are typical of those obtained using different heating times. 

Figure 6 may be divided roughly into four different sections. The 
first section represents a condition indicating little aging effect. This 
division has as its upper limit approximately 175® F. For charts based 
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Fig. 6. Aging from the Extruded Condition. 
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Fig. 6. Effect of Temperature on Specimens Heat Treated 50 Hrs. 

on shorter heating times the upper temperature of this region would 
increase while for heating times more than fifty hours the temperature 
would be less. This upper limit of ineffective aging varies from ap- 
proximately 125* F. for 150 hour heating up to 200® F. for 25 hour 
heat time. The second section may be associated with effective aging 
and is accompanied by an increasing hardness and decreasing ductility. 
For figure 6 this section has a lower and upper temperature limit of 
approximately 175®F, and 360® F. respectively. The third section gives 
the lower and upper temperature limits for effective annealing. Above 
the upper limit of effective annealing the ductility decreases without 
an accompanying increase in hardness and strength. This gives in- 
effective annealing and is caused by grain growth. 
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Progress In Photoelasticity 

Royal Wdkr 

Instructor in Mechanical Engineering 

In 1815 Sir David Brewster discovered that glass under stress 
exhibited colored patterns when viewed between polariaers. Since then 
the photo-elastic method, so called, has been of steadily increasing 
usefulness to the engineer. In brief the method is as follows. When 
one desires to discover the stress system existing within a loaded 
machine or structural part, for which other methods of analysis are 
difficult or impossible, he makes a model of this part from some trans- 
parent material. This model is loaded to simulate the conditions of 
service in the actual part. It is then placed between two devices for 
polarizing light. The stress system within the model becomes visible 
as bands of color, and analysis of the position and intensity of these 
bands will enable the observer to determine the characteristics of the 
stress system. 

In the early days of the photoelastic method it suffered from lack 
of suitable equipment for polarizing light, lack of a suitable material 
from which to make the model, and from inadequacy in the theories 
which concerned optical phenomena. The deficiencies have now to a 
large extent been remedied so that at present it is possible to make 
stress analyses with ease and accuracy. 

The development of material for these investigations did not take 
place until about the year 1930. This material is Bakelite, one of the 
modern plastics or synthetic resins. Previous to 1930 celluloid was 
commonly used and before that experimenters relied on glass. The 
former was rather insensitive and the latter both insensitive and diffi* 
cult to fabricate. Bakelite is optically quite sensitive, its elasttc proper- 
ties are good, and it is easy to cut into models of complex shape. Of 
the various materials which are classified under the name of bakelite 
the particular type known by the specification number BT-61*893 
seems to be most adapted to model making. 

Early experimenters were troubled by the fact that the stress pat- 
terns obtained in these experiments were depiuident not only on the 
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toad placed upon the model but also on the position of the model with 
respect to the devices used for polarizing the light. This was remedied 
by the use of circularly instead of plane polarized light. The invention 
of the quarter-wave plate by Clerk Maxwell made this step possible. 
A more recent development has been the substitution of monochro- 
matic light for the white light previously used with increased accuracy 
in results. 

The theory of photoelasticity so far as it relates to engineering 
practice has been steadily developed over the past century. Now it is 
a simple matter to compute the stress system within a model from the 
data obtained in a photoelastic polariscope» the device which includes 
the optical and mechanical equipment for loading the model and ob- 
serving the resulting patterns. There is still work to be done, how- 
ever, on the question of the basic reason for the photoelastic eflPect. 
It should be possible, for example, to predict from the molecular and 
atomic structure of a particular material as to whether it will make 
a suitable medium for photoelastic models. At present this cannot be 
done. The investigation of the suitability of materials must still be 
largely a question of blind experiment. This does not concern the 
engineer who desires results in connection with design, but only the 
physicist or chemist who would like to know more about the funda- 
mental nature of the materials with which he deals. And since such a 
satisfactory material as bakelite is already available the study of this 
problem is now of less importance than it was a few years ago. 

At present many educational institutions (including Washington 
State College) and industrial concerns are equipped to perform this 
type of stress analysis. A wide variety of problems have been solved. 
These include the study of stress concentrations around holes and 
fillets, stresses in gear teeth, dovetail joints, distribution of load in 
indeterminate structures, and countless others. The automotive and 
electrical industries, the railroads, as well as several branches of the 
governmental research organizations are using the method freely. 

The most common type of equipment for photoelastic analysis 
consists of a loading frame in which the models are placed, an optical 
system by means of which a beam of polarized light is passed through 
the loaded piece, and a camera with which the resulting patterns are 
recorded. With such apparatus one may easily and quickly determine 
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the points at which concentrations of stress take place, measure the 
stress with an accuracy of about 3 % and thus determine changes in 
design which will render the machine or structure stronger or stiffer, 
or which will enable the designer to remove material where the 
stresses are low and thus save weight. A proper utilization of the 
results of such an analysis enables one to arrive at the most efficient 
design far more rapidly than by other methods. 

In the past the usefulness of this type of stress study has been 
limited to cases of plane stress, that is, to shapes which could be cut 
of a sheet of uniform thickness. This permits one to examine the 
stress in an ordinary gear tooth, for example, since such a tooth is 
plane on both sides and the load lies parallel to these planes. A shape 
such as a crankshaft, however, could not be treated since it is not 
bounded by parallel plane surfaces "on two opposite faces. 

In 1938 Opel in Germany announced a method by which three- 
dimensional stress systems (such as the crankshaft) could be treated 
photoelastically. His method involved heating the model to a tempera- 
ture of about 250‘*F. and loading it. at that temperature. The model 
was then cooled back to room temperature with the load still applied. 
After cooling the load was removed and it was found that the model 
exhibited a stress pattern which was characteristic of the load, even 
though it was no longer acting. The model was then sliced into two- 
dimensional plates and these plates examined in the usual way. This 
method possesses several disadvantages. The optical and elastic prop- 
erties of the model are altered by the heat treatment. The model is 
destroyed by the slicing process and cannot be reloaded nor examined 
while the load is being applied. There is danger of disturbing the pat- 
tern by the slicing process. And finally, the deformations which take 
place at the elevated temperature and which are preserved after cool- 
ing are so great that the model is no longer of its original shape. 

In the course of recent experiments the writer discovered that the 
problem of three-dimensional analysis could be much simplified by 
making use of the fact that the process of scattering light will polarize 
it. In this method a beam of polarized light is passed through a slit 
and then into the model which may be any shape whatever. The light 
illuminates a plane section through the model and any section desired 
may be so illuminated. When such a section is viewed from the proper 
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direction a pattern appears within the model which is characteristic 
of the stress system in the illuminated plane. By surveying various 
planes through the piece the entire stress system may be found. 

The photoelastic method has thus come from a laboratory toy to 
a powerful tool for stress analysis which may be applied to any shape 
whatever with the expectation of discovering the way in which such a 
shape reacts to external loads. In many cases of practical interest the 
more conventional methods of attack are either partially or completely 
unable to deal with complex shapes and the photoelastic procedure 
offers the only solution except to cut and try. And even in certain 
cases where other methods are useful it frequently happens that the 
optical procedure here outlined will be speedier and more accurate. 

In addition to the conventional type of photoelastic study, a pro- 
gram of research is being set up at the State College of Washington 
for the purpose of furthering the work in three-dimnsional procedure. 
A new type of polariscope is now under construction and will be in 
service in the early part of 1940. Experiments dealing with the appli- 
cations of optical methods to the flow of fluids w'ill be conducted in 
addition to the more conventional treatment of the stresses in solid 
bodies. This will be one of very few places in which three-dimensional 
methods will be employed inasmuch as the new technique was an- 
nounced but four months ago 
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The ENGINEERING EXPERIMENT STATION of the State College of Waah^ 
mgton was established on the authority of the act passed by the first Legislature 
of the State of Washington, March 28, 18»0, which established a ‘'State Agricultural 
College and School of Science,** and instructed its commission “to further the 
application of the principles of physical science to industrial pursuits.** The spirit 
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Directional Properties of Worked Magnesium Alloys 


James G. McGivcrn 

Lately Assistant Professor of Mechanical Engineering 

I. INTRODUCTION 

Commercial metals are ronsiflcTed isotropic e\en though the 
crystals that make up the nutrils j»ov.siss directional properties Tiiis 
assumption is justifud bccaiist the axes ot the eciuiaxecl grains ha\e 
random orientations in mo^t pol\ c'rvstaline materials The slij) planes 
c»f one tlu'-e grams uot in Iihl* with tho'^e of adjacent grains and 
the imtal as a whole is (..nsidered isf)tiopic There art conditions 
iuAve\cr when metals ha\c \tTv dc-cidtd directional jirc'perties and un- 
less allowance is made unpr ediclahle failures may take place These 
directional piopcrlus may l>e due to (.asting coriditnms causing den- 
dritic or columnar f(*rniat ions, to working i)roccsst‘s ('aii'^mg a tihenng, 
to W’oiking follow’cd by annealing causing ahnormal grain grow'th, and 
to an orientation cd all grains in a comnum dircc'tion due to w'oiking 

Most iiigcds aie lU'oMcled with rrmnd coimu's to preweut bi caking 
in rolling or foigmg dne to columnar grams at ^liarj' corner-^ Cases 
of fibcring aic common and result wben nutaK containing impurities 
or two iihascs (if ditliient hardnesses are rolled, drawn, extruded, 
pressed c‘r foiged Tlu* jiroccss of \\oiking followed by annealing has 
been rather ihorougblv investigated and Iras been used to jiroduce 
large single crystals* ["or making a single crystal wire of tungsten 
for iisc' in ineandesc'cnt lamjis a po]\ crystalline wire made from com- 
pressed and consolidated tungsten iiowder is drawm through a furnace 
at a cnlical rate lhactically all metals exhibit the effect'' of a jue- 
ferred eiystal orientation lesulling from the working process How- 
ever, severe directional tiioperties are icstrieted to the group of metals 
having hexagonal crystal lattices which includes magnesium, /ine, 
beryllium and cadmium Beryllium and cadmium at the present time 
are used as alloying elements only, and ^inc recrystalHzes at as low a 
temperature as 70'" I', after it has been worked This means that of all 

* Carpenter, H C. H. aiul Klam, C F., IVoc of Ro>al Sue, 1921 



commercial metals magnesium would be expected to have the most 
decided directional properties following work done below its recrystal- 
lization temperature. 

It is the purpose of this bulletin to present the results of experi- 
ments made to determine the extent of these directional properties in 
some extruded magnesium alloys. Tests of the metal in the condition 
as received and also following recrystallization are considered. In 
addition to the test data the mechanism of crystal deformation is re- 
viewed, the technique of testing described and typical curves and frac- 
ture pictures are included. 

II. MECHANISM OF CRYSTAL DEFORMATION 

Figure 1 illustrates the structural units of the three principal types 
of crystal lattices possessed by the majority of the ccnnnion metals. 



Foce Cenlered Body Centered CIc&e Pocked Hexoyoool 

Cubic. Cubic totfice. 


Fitf. 1. Typical Crystal Structure, 

These are the face centered cubic, the body centered cubic and the 
hexagonal type of lattices. It is noticed that the planes of greatest 
atomic density vary for the various structural forms. For the face 
centered cubic these plane.s are the faces of the cube while for the body 
centered lattice they arc diagonal planes containing the corner atoms 
and the center atom. The atomic density is not as great for the body 
centered cube as the diagonal plane is larger than the side of the cube. 
The hexagonal lattice has only one set of planes of maximum atomic 
density which are the so-called basal planes and are the top and bot- 
tom planes of the hexagon given in Figure 1. These planes are of real 
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significance in explaining the workability of metals as the slip planes 
in crystals are parallel to the planes of maximum atomic density. This 
helps to explain why the materials having face centered cubic lattic 
structures, represented by copper, gold, silver, gamma iron, aluminum 
and nickel, are so highly ductile. The less ductile metals such as alpha 
iron, chromium, tungsten and vanadium have body centered cubic lat- 
tices. This crystal theory also helps to account for how a hexagonal 
metal such as magnesium may be ductile if its crystals are oriented 
in one direction and very brittle if oriented in another direction. 

When magnesium is extruded through a die or rolled each indi- 
vidual crystal within the metal is oriented during the working process 
so that the metal deforms with the least amount of energy. Upon the 
completion of the work the crystals remain with their basal planes in 
the direction of the original working and as such have many of the 
characteristics of a single crystal In this condition they resemble a 
pack of cards and if shear force is applied parallel to their basal planes 
they will deform under relatively low loads. If compressed at right 
angles or parallel to their basal planes there will be no shear com- 
ponent acting on the basal planes and relatively less deformation will 
take place. Since the maximum shear resulting from compression acts 
on a plane making 45"* w'ith the compression plane it follows that for 
easy slip to occur the compression stress should be applied to a plane 
making 45® with the hasal planes. 

III. EXPERIMENTAL METHOD 

Cubes .580" on a side were cut from one inch diameter extruded 
rods of magnesium alloys. The alloys tested contained 6% Al, 8% Al, 
and 3% Al, with 3% Zn, the remainder of the alloys being magnesium 
with the exception of a slight amount of manganese. These cubes 
were cut in sets of twelve similar to the half set indicated in Figure 2. 
Hy compressing these cubes across their faces it was possible to ob- 
tain changes in physical properties for angular increments of 15®. To 



Fig. 2. 
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Fig. 3. Experimental Set Up and Shear Block. 




Insure sufficient accuracy the set-up illustrated in Figure 3 was used. 
The cubes were placed between the surface hardened blocks and the 
compression deformations were magnified by use of levers. The dial 
micrometers were read to one-fifth of a thousandth of an inch and 
readings were taken at intervals of approximately 750 lbs. per 
s<iuare inch. The loads were applied slowly and uniformly to all speci- 
mens and cubes were tested in the "'as received,'* in the annealed and 
in the aged condition. 

In order to correlate the compression values with those obtained 
from pure shear, cubes were tested in the especially designed shear 
block illustrated in Figure 3b. 

TYPICAL RESULTS (Results of Compression Tests) 

Figure 4 shows a representative set of stress strain diagrams ob- 
tained from compression tests on cubes cut from a magnesium alloy 
containing S% aluminum. The compression angle as measured from 
the axis of the rod is given for each curve. These results show clearly 



Pfg. 4. Typical Cairea IlHtstrating the Directional Properties of a Magnesium Alloy. 
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the directional characteristics of this material as indicated by the 
effect of angle of compression on the slope of the modulus line and on 
the yielding characteristics. To evaluate the yield strength two meth- 
ods were used. The first and simplest method consisted of drawing 
the line ab parallel to the highest modulus line and reading off the 
stresses corresponding to where this line intercepted the various stress 
strain curves. These values are plotted for the various compression 
angles and represented by the full line in the lower right-hand corner 
of Figure 4. The other method consisted in taking the line from “a” 
parallel to the modulus line of the curve for which the yield strength 
was to be determined. This is illustrated by taking line ac parallel to 
the modulus line of the 45® curve and determining the stress at “c” 
corresponding to the interception of the line ac and the 45® stress 
strain curve. By following the same procedure for the other stress 
strain diagrams the yield strengths represented by the dotted line of 
the figure were obtained. The first method is the simplest and will be 
used in this bulletin. 

It will be noticed that the yield strength for compression at 90® 
with the extrusion axis is not as great as it is with the compression 
in line with the axis of the rod. There are two reasons for this — one 
connected with the direction of the basal planes and the other associ- 
ated with the inclusion stringers in the metal. 

The rods used were circular in cross-section so that the basal 
planes of the hexagonal lattice although parallel to the rod axis ar- 
range themselves circularly around the rod. By compressing the cubes 
cut from the rod in a direction perpendicular to the rod axis some of 
the basal planes are favorably oriented and the diagonal shear stress 
will be effective. This means the plane of failure for the 90® compres- 
sion should be normal to the cross sectional plane of the shaft. This 
proved to be the case and the fractures for these specimens differed 
from those obtained when compression was parallel to the shaft axis. 

The directional properties due to stringers within the metal are 
explained by reference to Figure 5. This figure shows micro-struc- 
tures of a magnesium alloy containing 8% aluminum in the “as re- 
ceived” condition. This material is capable of aging, and the amount 

* McGtvern, J. G., ^'Precipitation Hardening of a MagnestuAi Alloy Containing 

Aluminum,” Eng. Exp. Sta. Bulletin No. 60, July, 1987. 

• McGivern, J. G., “Physical Changes Accompanying the Aging of a Magnesium 

Alloy,” Eng. Exp. Sta. Bulletin No. 54, Sept., 1988. 
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Fig. 5 Difference in micro-structures of rods having different initial hardnesses. 

Specimen A (65 Rockwell E) and B (69-71 Rockwell E) lOOX. 

of visible precipitation varies for different rods as shown in Figure 5. 
Tile precipitation in the form of stringers causes the material to behave 
similar to a bundle of individual wires which would be relatively weak 
when compressed perpendicular to the axis. 

Figure 6 gives results of compression tests on three different alloys 
in the “as received” condition. The individual values show that speci- 
mens of the .same material varied but that average curves drawn wdth 
respect to the points gave characteristic results similar for the three 
metals. These curves differ from those obtained on single crystals 
in two respects. The curve for tests on single crystals have a much 
lower yield strength on the 45° section and approach infinite stress 
values when compressed in the 0° and 90° directions.* The yield 
strengths for the 45° compression in the three cases is approximately 
63% of the values for the 0° compression. It should be noted, how- 
ever, that in many of the 0° compression tests the specimen took as 
great a stress as 2,000 lbs. per square inch without any strain being 
noticed. This was not true for the 90° compression tests. The relation 
between the 0° and the 90° values is not a constant but varies from 

* W. **Kri8taUstruktur und praktische Werkstoffgestaltung am Betspiel dea 

Eiektronmetalls,*’ Zeitachrift fur Metallkunde, Vol. 25, 1938. 
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97% to 75%. This ratio is evidently a function of the stringer effect 
which micro -structures revealed to vary considerably from specimen 
to specimen* 

A comparison of the behavior of the three metals is given in 
Figure 6d. The 8% aluminum alloy exhibits practically the same 
changes and strengths as the alloy containing 3% aluminum and 3% 
zinc. The 6% aluminum is the weakest, particularly its yield strength 
for the 90* test This low strength is to be expected as additions of 
aluminum up to 19% increase the strength of these extruded alloys.* 

*Gann, J. A., '^Magnesium Industty's Mfhtctt Stniettira! Metal" S.A.9** IStt* 
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The author has also found that the 6 % alloy would not age while the 
other samples showed considerable aging effects. 

The effects of annealing on the yield strengths and directional 
properties is given in Figure 7a. This alloy was annealed hours at 
800^ F. Recrystallization and some grain growth was evidenced follow*' 
ing annealing. It was to be expected that the strength would decrease 
with the elimination of the working effects but whether the orienta 
tions of the new recrystallized grains would be random or follow the 
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Fig. 7a. Effect of annealing on directional properties. Magnesium alloy containing 
6% Aluminum. A. In as received condition. B. Annealed 18^ hours at 800** P. 

Fig. 7b. Effect of aging on directional properties. Magnesium alloy containing 8% 
aluminum. A. In as received condition. B. Aged at 420^F. for 78 hours, fol- 
lowing a 800® F. anneal. C. Aged at 890® F. for 112 hours, from as received 
condition. 


original preferred pattern was open to question. Figure 7a shows that 
the annealed metal has directional characteristics similar to the origi- 
nal extruded rod. This agrees with the work of Schiebold and SiebeF 
in which they found the recrystallized structure to have no deviation 
from the originally worked structure when the annealing temperature 
was up to within approximately 100* F. of the melting temperature. 

Figure 7b gives the effects of aging on the directional properties 
of alloy containing 8% aluminum. It is seen that when the aging fol- 
lows a preliminary anneal that the directional characteristics of the 
metal are maintained. In this case the recrystallized grains followed 

* Scbiebold* E* and Siebet, O., ** Study of Magnesium and Its Alloys,** Zeitschrift 

disr Vol. 89, p. 458. 
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Fig. 8. Changes in micro structures for 390®F. aging from extruded condition. A, B, 
and C arc longitudinal sections aged 0, and 3H hrs. D is perpendicular 
section aged hrs. lOOX. 
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Fig. 8. Clianges m micro structures for 390^ F. aging from extruded condition. K is 
a perpendicular section aged hrs. F, G and H are longitudinal sections aged 
10^5, 16^ and 61 hrs. respectively. lOOX. 
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the same orientation pattern of the original structure and the precipi- 
tation although increasing the strength of the metal did not break up 
the directional pattern. The micro-structures show that the precipi- 
tation areas did not arrange in stringer formation but distributed 
uniformly throughout the metal. This was not true for the spedmens 
that were aged from the **as received” condition. In this case the 
precipitation followed along the original stringers and this could help 
account for the curve in Figure 7b representing this condition not 
having a dip at 45**. The precipitation increased the strength and the 
Hbered structure to an extent that the precipitation stringers and not 
the individual lattice orientation governed the properties. To illustrate 
this condition the micro -structures of Figure 8 are presented. These 
micro-structures show the development of the precipitation stringers 
with aging. Figure 8E is given as additional evidence of the direc- 
tional characteristics of the metal. At the beginning of aging the 
temperature is sufficiently high to cause a partial anneal. This pro- 
duced a twinning which was visible on perpendicular sections of the 
rod only as shown in Figure 8. , 

SHEAR TESTS 

Two different types of shear tests were made. In one case the 
cubes were sheared parallel to the axis of the rod while in the other 
tests the shearing surfaces were across the axis of the rod. This dif- 
ference is best understood by referring to Figure 9 which shows the 
shearing planes for the two cases as applied to a typical cube. The 
shear block pictured in Figure 3 was used for these tests. 

Figures 9a and 9b give curves very similar to those obtained for 
the yield stress values in compression. These curves are for the case 
of shearing in a plane parallel to the rod axis and give the mksdmum 
shear stress for the various shear angles used. The curves for the 
alloy containing B% aluminum was made up from an average obtained 
from two sets of tests while the curve for the 6% alloy was made up 
from three sets of tests. The directional properties associated with 
these curves must be tied up with the direction of the long axis of the 
hexagonal basal plane and possibly with the precipitation stringers also 
having a part. These curves arc not to be compared with the yield 
strength values given in Figure 6. If it was possible to do this then 


14 





Fig. 9. Shear parallel to and across the axis. 


the curves of Figure 9a and 9b would be out of phase by 45*. The 
tnaximum shear stress in compression specimens acts on a plane mak- 
ing 45* with the direction of the compression stress and is equal nu- 
merically to one-half the compressive stress. This means that when 
Figure 6 shows a low compressive strength when the cubes were cut 
at an angle equal to 45* with the axis that in reality it meant a low 
shear strength on a plane making a 45* angle with the compression 
stress* This plane of low shear strength then becomes the 0* plane 
which Figure 9a and 9b give as the strong planes. From this it may 
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be concluded that Figures 9a and 9b which represent the maximum 
shear strengths cannot be tied up with the yield strength. 

It was possible, however, to make a tie-up between the maximum 
shear stress curves with the results of the maximum compressive 
strengths. In compressing the cubes considerable plastic flow took 
place before failure with the heights of the cubes being permanently 
compressed as much as 20 %. Accompanying this the original first 
planes of slip at the yield point were changed in direction to conform 
to conditions of easiest working. When final failure took place the 
orientation of the original planes lost most of their original signifi- 
cance. When shearing parallel to the rod axis the deformation takes 
place between basal planes which are planes of weakness. As it was 
practically impossible to obtain conditions of pure shear these planes 
rearranged themselves for the conditions of easiest working. This 
makes it possible in this case to secure a correlation between the 
curves for maximum shear and maximum compressive stress. Such a 
relation is expressed in two curves of Figure 9a. The curve of maxi- 
mum compressive stress was obtained from the average of two sets 
of tests. The low 0® compressive strength indicates a low shear 
strength on the 45® plane which is an agreement with the shear stress 
stress curve. The high compressive strength between the 30® and 45® 
plane indicates a high shear strength on the planes 45° from these 
planes which agrees with the high shear values on the 0® and 90® 
planes of the upper shear strength curve. It will be noticed that the 
shear stresses at failure are not equal to one-half the compressive 
strengths on planes 45® removed. This may have been due to the fact 
that the cubes tested for obtaining the separate curves were cut from 
difiPerent rods. 

The curve in Figure 9c was obtained for shear in planes across 
the axis and differs appreciably from the curve of Figure 9a. It is 
believed that this curve can be correlated in part with the yield 
strength curves of Figure 6. In this case the shear is in a direction 
across the basal plane.s. This gives a greater strength and less plastic 
flow. The actual slip planes at failure are believed to be very similar 
to those at which yielding took place so that some relation exists 
between Figure 6 and Figure 9c. The fractures for these tests are 
quite different from those obtained when shearing parallel to the axis. 
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The smaller deformation and the type of fracture tie in with the above 
explanation. Figures 10a and 10b show two specimens that were 
sheared in the shear block shown in Figure 3b. Figure 10a was sheared 
parallel to the rod ajjis and Figure 10b was sheared across the axis. 



Fig 10, Fractures resulting from shear tests. 


The first specimen shows considerable distortion before failure while 
the second specimen shows that fracture took place on the plane of 
easy slip. 

In comparing curves of Figures 6 and 9c the low compressive 
strength on the 45® plane is explained by the low shear strength on 
the 0® plane. In compression there vrere four sets of planes making 
45® with the compression axis. Failure took place on the weakest 
plane. When compressed 45® with the axis the failure was always a 
shear failure on the 0® plane and not on the 90® plane. Figure 11 
shows some interesting fracture pictures. 11a is the typical single 
shear fracture while 11b shows fracture to have occurred on the series 
of weak shear planes. 11c is a specimen having a continuous shear 
plane made up of two halves meeting on the long diagonal of the cube, 
lid failed on three planes two of which are visible and the third not 
revealed in the picture, lie also had three fracture planes. Ilf showed 
a specimen failing in the form of two pyramids with all the possible 
planes of slip coming into play. This specimen was compressed in 
the direction of the rod axis. 
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An interesting observation concerning differences in strength for 
the same angle of shearing was recorded. When shearing on the 0^ 
plane which was parallel to the axis it was found that the strength 
when shearing in one direction varied appreciably from the strength 
in the other direction. This difference for the alloy containing B% 
aluminum was as much as 22% and was due to the effect of the direc- 
tion of the original working on the strength in that direction. 



n F 

Fig. 11. Fractures resuldng £rom compressive tests. 
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Some Geologic Aspects of Gie Magnesite Dc|K»sits 
of Washington 

Harold B. Culver, Head, Department of Geology. 

So long as the magnesite demand was limited to the manufacture 
of refractory products, the size of the deposits in Washington was 
largely an academic problem. It was certain there was an ample supply 
to meet needs at the current rate of utilization for a long time to 
come. 

With the introduction of new metallurgical processes for the 
production of metallic magnesium or of compounds suitable for the 
manufacture of light structural alloys, it becomes desirable to learn 
what resources exist, both has to purity and as to amounts. 

On that account the w*hole matter of the geologic aspects of 
the magnesite deposits should be reexamined with a view to determin* 
ing what factors are important, and of these, which are determined 
or determinable and which must remain indeterminate in advance of 
actual operations. In the following paragraphs there is attempted 
an evaluation of certain facts and some hypothetical considerations. 
By this means it is hoped to arrive at a restatement of the problem 
of estimation of our magnesite reserves. 

Most of the known deposits of magnesite of Washington are in 
Stevens County and lie within the Stensgar dolomite, a magnesian 
formation in the Stevens series of Weaver. Recent studies of this 
group of Paleozoic sedimentary and associated igneous rocks have 
provided a better basis for their stratigraphic interpretation than was 
available earlier. 

Investigations by Dr. W. A. G. Bennett of the State Geological 
Survey show that the sequence of rock formations in the magnesite 
area includes the Addy quartzite at the top, followed by the Huckle- 
berry greenstone and a conglomerate which may be in unconformable 
relations to the beds below. There follows a thick argillite which in- 
cludes not only a quartzitic formation, but the Stensgar dolomite as 
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well. Another unconformity is suggested at this point in the section, 
and below this zone lies an argillite formation of great but unknown 
thickness which includes some additional dolomitic zones which so 
far have not yielded any magnesite. This latter argillite includes most 
of Weaver’s original Deer Trail formation. Throughout most of the 
magnesite belt the beds trend slightly east of north, extending from 
near Chewelah southwesterly for some thirty miles. 

Even the Stensgar formation does not extend continuously for 
this distance, but is interrupted and appears as a series of elongate 
masses. It is not clear whether this is an original distribution or one 
due to later diastrophism. In the latter case, two possibilities arise. 
The dolomite may have been squeezed or stretched into separate 
segments, or it may have been broken by faults. It is not impossible 
that both processes may have been involved, although the faulting 
is more likely so far as present data go. In either case an original 
continuity is assumed. On the other hand no facts so far advanced 
preclude the possibility that the original deposition was in lenticular 
masses. P'aulting, known to be present, may have separated the masses 
further. • 

Within the dolomite, the magnesite itself i.s present in ill-defined 
masses, making up only a small part of the Stensgar formation at 
any point. As a whole it represents only a small fraction of this 
stratigraphic unit. Some little study has been made of the matter 
of the total tonnage of high grade magnesite present in the Stensgar 
formation. Estimates have been based on varied data and accordingly 
they vary from a few to many millions of tons. Some early calcula- 
tions of individual deposits gave figures of as much as one million 
tons in each of several areas. A later estimate by the United States 
Bureau of Mines placed the total amount of high grade magnesite at 
ten million tons for the whole group of deposits. 

Development of these beds began in 1916 and was rapid during 
the years of the World War, Subsequently, with reduction in de- 
mand, many of the original quarry openings were closed and further 
study of reserves was precluded. As a matter of fact, there has not 
yet been made any comprehensive examination of the States reserves 
in this resource. The reason is not far to seek. In making such cal* 
dilations, the investigators had to formulate certain basic assumptions 
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as to dimensions, purity, and continuity. And back of all of these 
assumptions was the generally unrecognized factor of origin. On 
this, more than on any factor, must the estimates be evaluated today, 
for upon the genesis alone depends the adequacy or inadequacy of 
each calculation. 

The more important, measured by probability, of the origins so 
far advanced fall into two main groups. First there are those which 
regard the magnesite as an original deposit, and second, those which 
regard it as a secondary deposit formed from the dolomite by some 
process of solution and redeposition. In the first group are two 
distinct ideas, one suggesting the magnesite was formed as an original 
marine deposit at the time of the dolomite sedimentation, while the 
other provides for the later addition of magnesium carbonate through 
the medium of thermal magnesium-bearing waters of magmatic origin. 
Without going into the matter in any detail it may suffice here to 
state that the field evidence includes no facts which suggest that 
either of these hypotheses is correct. The extremely irregular occur- 
rence of the magnesite in the dolomite belt serves, rather, to empha- 
size the improbability that the present deposits of magnesite arc 
original. Nor is there evidence of the introduction of thermal waters 
in the presence of minerals other than magnesite wnthin the supposed 
impregnated zones of the rocks. 

A variant of these “original deposit” theories supposes a 
sediment of mixed salts of magnesium and calcium to have been 
laid down in the first place. Then, by some unspecified, but not im- 
probable, process the lime carbonate was removed before there was 
opportunity for dolomite, the double carbonate, to be formed, thus 
leaving the magnesium carbonate as found today. This last hypo- 
thesis may really be considered a member of both groups since it 
involves both an original magnesian sedimentation and a subsequent 
modification, or metamorphic phase, by percolating solutions. 

In the second group of hypotheses may be included those in- 
volving primarily a change in the composition of the original car- 
bonate rock through the agency of percolating solutions resulting in 
the depo.sition of magnesite within the mass of the dolomite. No 
reference is made to thermal conditions and hence cold, probably 
meteoric, waters may be assumed to have been the active medium 
of alteration. 
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Without relating detailed points of evidence, it is perhaps enough 
to point out that many, if not most, of the physical and chemical fea-* 
tures of the magnesite deposits appear to fit in very wdl with the 
idea of alteration of an original dolomitic mass. The distribution of 
the magnesite, its variability in content of quartz and calcite, the 
minute interfingering of magnesite and dolomite, and in some in- 
stances a gradation, are all features which favor a secondary, or al- 
teration, hypothesis. 

In addition to the factors listed above, there is the structure of 
the rocks to be considered. It is widely recognized by geologists 
that solutions penetrate rock formations effectively only where the 
rocks are sufficiently fractured. The whole series of metamorphic 
sedimentary rocks here under consideration is abundantly fractured. 
But much of the fracturing has come about after the magnesite was 
formed. It becomes necessary, then, to determine what part of the 
fracturing took place prior to the development of the magnesite. 
This has not yet been done. The bearing of this matter on any 
thesis of genesis which involves percolating waters is too obvious 
to need amplification here. , 

The foregoing summary of hypotheses serves to suggest the 
inadequacy of present data for working out the problem of origin 
of the magnesite. And even cursory examination of the question of 
estimation of tonnages reveals that assumptions of dimensions of 
deposits below the surface, as well as of their purity, must depend 
upon the genesis assumed. Thus the depth to which the deposits 
will extend will be far different on the basis of meteoric water altera- 
tion than upon the basis of an original marine origin. 

Disregarding this important factor altogether, there still remain 
unsolved questions of continuity and purity, upon the correct solution 
of which the whole calculation of tonnages must depend. Those fami- 
liar with the field and laboratory data obtained in the course of in- 
vestigations of these magnesite deposits are always impressed with 
the marked irregularity of the magnesite masses. Variations in charac- 
ter, physical as well as chemical, lack of uniformity in boundaries, 
differences in structure, these and other irregularities point to the 
high improbability of estimating, even roughly, tonnages of magnesite 
of certain purity still in reserve. This is true of even those parts of 
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the formation that can be examined at the surface. It requires no 
further evidence to indicate the improbability of accuracy in estimates 
involving masses presumed to lie below the observable surface zone. 

In the present state of our knowledge it would seem that the 
past production records, where available, would provide a working 
basis for estimation. But here, too, unexpected difficulties arise to 
plague the investigator. It is found that even this mode provides an 
all too slender basis for calculation. 

That much magnesite of requisite purity lies near the surface is 
generally believed. Nor is the basis for this belief lacking. But when 
it comes to actual calculation of available tonnages, the assumptions 
that must be made are so important, so far-reaching, that we can but 
conclude our data are as yet inadequate. 

An estimate of one million tons of high grade magnesite as a 
minimum seems over-conservative to most students of the question 
of reserves. Yet an estimate of twenty times as much may be equally 
far off at the other end. On one point there is no question, that the 
true figures cannot be determined on present information. 
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Torsional Stress Concentration Factors and Rigidity 
Characteristics of Grooved Shafting 


James G. McGivern 

Lately, VshislaiU Professor of Mechanical EnKinecrinc: 

1. INTRODUCTION 

r>v means of various experinu ntal ]>rocedurvs, numerous investi- 
f^alions iiave been made to deleimiiie sti e^s-com'entrati(»n factors 
at fillcis, holes, ami Keyv\a>s in shafting subjected to torsional 
stnsses. The many studies ha\e bien justified liecause of the ini- 
portaiK'< of this prolilem to the machine (Usiyntr, the inadequacy of 
till* theory (»f clast icilv for coinpuliim ihi'se facti^rs, and the net^el 
for exjdainin^ llu lack ol ameement of the results obtained by the 
\anoijs methods The results and interpretations of these studies 
liave added some to our information on stress-e()nct*ntratif>n factois, 
hnl have conliihuted little, if aiuthmii, to an evaluation of the effect 
ol liliets on shaft ri^^idity The cflect of the Immth of shafting be- 
tween fillets, and, m paititnlar, the extreme case which considers 
circular {grooves, has had very little woi k done upon it 

The object of this report is to present the results of experiments 
made to determiut stress-c<»ncentration factors and the shaft-rigidity 
characteristics <»f circular shafting having grooves and >nl)jeeted to 
tv>rsional strt‘s^<‘s I'he effect'* of the ratic^s of oiitsidi* diameter of 
sliaft, of the groove radius, and <»f the length between fillets, to the 
small diameter of the shaft are included The data are presented by 
means of tables and curves, and corn lalions are made watb other 
Studies 

II THE PLASTIC FLOW METHOD 

The I’lasiic Mow' Method is bu'^ed on the fact that mild steel 
follows Hooke’s Law of proportionality up to its yield stress and 
then appreciable deformation takes place without additi<mal stress 
being applied This may be interpreted as meaning that, when large 
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deformations or appreciable deviation^ from H<>oWs taw are ob- 
served in mild steel, the stress associated with these strains is equai 
to the yield stress. The application of this principle is termed the 
‘Tlastic Flow Method.” 

Fig. I presents two torsional stress-strain diagrams, the second 
differing from the first by having two fillets included in the gage 
length. The typical diagram of Fig. la gives the yield stress of 
mild steel in shear as 28,000 Ibs./sq. in. Fig. lb shows that yielding 
at the fillets on section “m” takes place when the computed stress 



on the outside of section “1” is 15,000 Ibs/sq. in. This gives a stress - 
concentration factor equal to 1.86, which is equal to the true stress of 

28.000 Ibs/sq. in, at the fillets divided by the calculated stress of 

15.000 Ib^i/sq. in. as predicted by the simple torsional equation. A 
more complete description of this method is to be found in a report 
which is confined to the effects of fillets alone and of which this 
report is a continuation.’ 

Ill TESTING PROCEDURE 

Specimens were prepared from 2*^ and 254" diameter hoWollcd 
SAE 1020 steel both in the as-received and in the annealed condition. 
For the initial tests the rod was cut and the pieces prepared so 
that every other specimen had a uniform diameter equal to the small 

< J. 0. McCivern, ‘^Torwanal Stress Concentration Factors at Fillets”, State CoU^ of 
Washington, Engineering EKperiment Station Bulletin No. SS, February> IttSO. 
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dttuneter of the grooved specimen. This made it possible to obtain 
the true yield stress of the material for determining the stress-con- 
eentration factor of the grooved specimen. Experience showed that, 
although the yield stress of the material varied, it was not necessary 
to take every other specimen as a calibration specimen, and that 
within the accuracy of the experiment every fourth or fifth specimen 
was sufficient. 

The circular grooves were cut in the specimens by means of 
special cutting tools. These tools were prepared by brazing ball 
bearings on to the end of steel stock and grinding the bearings down 
to the desired diameter. The depths of the grooves were varied 
in order that the effect of the ratio of the large diameter to the 
small diameter of the shaft could be investigated. Groups of speci- 
mens were prepared having the ratios of their large diameter to small 
diameters equal to 1.5, 1.33, 1.2, and 1.1. Within each group the 
diameter of the groove was varied. The lengths of the specimens were 
such that for all cases the distance from the jaws of the torsion 
machine to the groove was greater than one and one-half times the 
large-shaft diameter. 




The set-up for taking data is shown in Fig. 2. The arms at 
tached to the specimen are twenty-inches long, and the dial micro- 
meter attached to the end of one of the arms reads in thousandths 
of inches. The twisting moment was applied at a rate of one-sixth 
of a turn per hour and was regulated by hand until sufficient data 
were obtained, after which the speed was increased and the specimen 
twisted to failure. 

Stress-strain diagrams were plotted, and from these curves the 
stresses corresponding to plastic yielding were obtained. The true 
slopes of these curves were also recorded, and from these values 
the equivalent length of the shaft was computed. 

IV. STRESS CONCENTRATION FACTORS 

Fig. 3 represents some of* the stress-strain curves obtained from 
specimens having a ratio of large diameter to small diameter equal 
to 1.5. These curves show how the stress corresponding to plastic 



yielding varies with the radius of the circular groove. The value 
of the true yield stress was determined from the calibration specimens. 
Specimens number 245 and 250, having the low yield stress values 
were annealed prior to testing. Although the yield stresses varied 
considerably among the many specimens, the ratio of yield stress 
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Fig. 4. Torsional Stress Concentration Factors at Grooves. 
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to plastic flow stress is apparently independent of the yield stress and 
a function of the geometrical properties of the specimen alone. This 
is illustrated by the distribution of the individual stress concentration 
factors with respect to the average curves for the various diameter 
ratios as given in Fig. 4. These same curves are drawn to a larger 
scale at the bottom of Fig. 4, which shows the relation between the 
concentration factors, the diameter ratios, and the groove-to-diameter 
ratio. 

Because semi-circular grooves were used, it follows that three 
situations are possible. The center of the groove may be located gn 
the surface of the shaft or it may be either outside or inside the 
shaft. In the first alternative, the depth of the groove is just equal 
to the groove radius and this has been termed the invariant case.^ 
If the groove center is outside the shaft, the groove depth is less 
than the groove radius and the groove is called a shallow groove. 
When the center is inside the shaft, the groove depth become greater 
than the groove radius, and we have so-called deep groove. For the 
invariant case 

• 

Values of 2r/d corresponding to this case for various values of 
D/d are plotted in Fig. 4 and represented by the dotted line. This 
line indicates that all shafts having semi-circular grooves whose depths 
are equal to their groove radii have a practically constant stress- 
concentration factor whose value is equal to 1.4. If the stress- 
concentration factor is considered made up of the effects of the ratio 
of diameters and of the groove radius, this states that, when the 
effect of one increases, the effect of the other decreases by the same 
amount, the sum being kept a constant. For small ratios of shaft 
diameters, the stress concentration is due mainly to the effect of the 
groove of small radius, whereas for large values of D/d the value 
of the concentration is dependent upon D/d much more than upon 
the groove radius. The dotted line of Fig. 4 separates the values 
obtained from deep grooves, which are above the line, from the 
shallow grooves, which are represented below the line. 

The application of these curves to a specific case may be assumed 
as follows: A shaft 1.67^ in diameter has a circular groove of .175^ 

*M. M. Praefat. **Piiotoela8tic Studies in Stress Concentration^, Mwhanic^ Sn- 

gineifing, August, ISSS 


8 



diameter cut into it so that the reduced diameter is 1.25^. In this 
case the ratio of D/d equals 1.33 and of 2r/d equals .14. The lines of 
Fig. 4 indicate that the stress at the groove is 1.49 times the stress 
that would be computed if the simple torsional equation is used and 
the calculation is made on the basis of the small diameter of the 
shaft. 


V. EFFECT OF GROOVES ON SHAFT RIGIDITY 

For calculating the natural frequency of shafting, it is necessary 
to know its torsional rigidity. For shafts of uniform diameter, this 
is expressed in terms of the modulus of elasticity of the material, 
the length of the shaft, and the polar moment of inertia of the cross- 
section. When the shaft changes its diameter with accompanying 
fillets and groves, the determination of the rigidity becomes more 
complex. By measurement of the slopes of the stress-strain diagrams, 
it is possible to determine from these tests the apparent modulus of 
elasticity for the various ratios of diameters and fillets. These values 
are listed along with other significant data in Table I. 

The true modulus of elasticity being a function of the material 
alone, it is common practice to assume a constant modulus for a given 
shaft and alter the dimensions to give the rigidity characteristics as 
found by experiment. This may be done by either decreasing the 
diameter or increasing the length to make up for the effects of the 
fillets and grooves. The usual procedure is to change the length, and 
this is done by application of the simple Coulomb equation as dis- 
cussed in the preceding bulletin of this series.* 

Table I gives values for the apparent modulus of elasticity and the 
ratio of this value to the true modulus. It also gives the length incre- 
ment and the ratio of this increment to the distance between 
shoulders of the large shaft. This length increment “AV* is the 
amount that must be added to the distance between the shoulders in 
order that the correct rigidity of the shaft can be calculated by the 
use of the true modulus of elasticity of the material in the simple 
equation. For deep grooves and for the invariant case, the length to 
which the increment must be added is equal to the diameter of the 
groove. 
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The ratio of the length increment to the length varies with the 
ratio of shaft diameters and with the ratio of the groove diameter to 
the small-shaft diameter. For each ratio of large to small diameter 
a smooth curve is obtained when the ratios of lengths are plotted 
against the ratio of groove diameter to small shaft diameter. Fig. 5 
gives the distribution of the individual points with respect to the 
average curves obtained for each ratio of diameter. The enlarged 
set of curves is made up of a combination of the individual ones and 
shows to an enlarged scale the combined effect of the ratio of the 
shaft diameters and the ratio of groove diameter to small-shaft 
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diameter. These curves show that the ratio of groove diameter to 
shaft diameter has a much greater influence on the length increment 
ratio than does the ratio of shaft diameters. This length increment 
is not a function of the diameter of the groove alone, as can be seen 
by an inspection of Table I. The curves bring out the effect of a 
very small groove to an exaggerated degree. This is because the groove 
diameter is equal to the assumed length of the small shaft, and this, 
which is divided into the “Al”, decreases as increases, wherefore 
the quotient increases rapidly. For very large groove diameters the 
curves show the change in length to be very small and the slope of 



5. I^ength Increment as Affected gy Shaft Diameters and Groove Radius. 

11 





the curves indicate that the length increment ratio may become negu* 
live for sufficiently large values of 2r/d. This is very reasonable as 
very large groove diameters would increase the assumed length of the 
small shaft and the effect of the stress concentration at the beginning 
of the fillet would be more than offset by the increased rigidity given 
by the increasing diameter of the shaft between the beginning of the 
fillet and the shoulders of the large shaft. 

VI. EFFECT OF LENGTH OF SHAFT ON RIGIDITY 
AND STRESS CONCENTRATION 

The curves previously presented considered the effects of grooves 
alone. For a given radius and ratio of diameters the grooved speci- 
men gives the maximum stress concentration and change in shaft 
rigidity. By an increase in the distance between the shoulders of the 
large shaft the original groove is replaced by two fillets and this dis- 
tance between shoulders is called the length of the small shaft. 


Table II. Effect of Length on Torsion Characteristics 
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The effect of this length was determined for two different values of 
2r/d on specimens having D/d equal to 1.33. The results of these tests 
are given in Table II and represented graphically in Fig. 6. The two 
sets are for the two groups of specimen^ given ^n the -table having 
average values of 2r/d equal to .20 and .085 respectively. These results 
are in agreement with the principles of Saint- Venant and show that 
the effects of length are practically zero when the length, for the case 
of two fillets, becomes greater than twice the diameter. For lengths 
shorter than this, the effects are very pronounced, particularly on the 
rigidity characteristics. The increase of approximately twenty-two per 
cent in the stress concentration at the grooves as compared to that of 
a fillet of the same radius in a large shaft is not nearly so large as 
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the percentage changes in G, Al, and A 1/1, as given in Fig. 6. The scale 
gives G in 10* lbs. per square inch. 

The breaking strength as determined from the maximum twisting 
moment was practically the same for all the specimens regardless of 
length. Macro-structures revealing the strain patterns of specimens 
that had failed and those in the process of failing showed that plastic 
flow started at the place of tangency of the fillet and the small shaft. 
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Fig. 7. Comparison of Data Obtained by Various Methods. 


Correlation of Results with Other Studies 

The principal methods used to determine torsional stress-concen- 
tration factors have been the graphical method of Willers,* the elec- 
trical analogy of Jacobscn^ the approximate method of Sonntag®, the 


* Willers, F. A., “Die Torsion eines Rotation skorper um sine Achse/' Zeit fUr 

Math, und Physxk, Vol, 55, 1907. 

* Jacobsen, L. S., ‘‘Torsional Stress Concentration in Shafts", A.S.M.E., Trans., 

1925, Vol. 47. 

" Sonntag, R., ‘‘Zur Torsion von vunden Wellen mit veranderlichen Durchmesser*', 
7.eit. /ttr angewandte Mathematik und Mechanik, 1929, Vol. 9. 
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brittle material method®, the fatigue methods’^, and the plastic flow 
method. 

The applications of most of these methods have been limited to 
shafts with fillets. Sonntag, however, gives two equations, one for 
grooves and one for fillets. By substituting the relation expressed in 
equation (1), he reduces the general equation for the grooves to a 
simplified expression applicable to the invariant case. The same can 
easily be done for the general fillet equation, and the results compared 
to those obtained by the plastic flow method are given in Fig. 7a. 
These results show that the fillet concentration factors agree reason- 
ably well and are fairly constant in both cases. For the case of the 
grooves the agreement is not good, nor is the ratio of the groove 
values to the corresponding fillet values the same for the two methods. 
In this figure is also represented a curve for fillets taken from Jacob* 
sen’s data which correlates well with the other methods. 

Fig. 7b gives a comparison of values obtained by the various 
methods for both fillets and grooves of the deep and shallow type 
These curves all apply to the one ratio of D/d equal to 1.33 and show 
there is considerable difference in the results reported by the separate 
methods. The results of Willers, Jacobsen, and Sontag agree reason- 
ably well for the case of the grooves These curves correlate with the 
plastic flow results for the case of grooves, but vary appreciably from 
the plastic flow fillet curves The curve obtained by plotting vSontag’s 
equations for grooves is very high and does not seem reasonable. In- 
cluded in the figure is also a curve obtained by plotting an equation 
of Trinks and Hitchock,® The results obtained from the brittle-ma- 
terial method and fatigue method are considerably below any of the 
curves represented. 
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Hie Place Of Research In Higher Education 

H. V. Carpenter 


The long and seemingly discouraging progress of us human beings 
toward better things has in modern times brought about many hopeful 
signs, such as a better appreciation of the things which count toward 
a richer culture, a sounder system of relations with our fellow men, 
and much advance in caring for ourselves In material ways. Men 
have multiplied their superiority over some of the higher animals 
largely through mastering methods of passing knowledge on to suc- 
ceeding generations so that once a contribution is made to civilization 
it becomes the useful tool or guide to all who come after. In this way 
we have advanced in many ways in spite of our pitifully weak abilities 
to discover and develop new and valuable arts, ideas, and practices. 

So much time and effort is required in the schools to maintain 
our present culture and mastery of our arts and skills, that it is easy 
to forget that maintenance is one thing but progress is quite another. 
In routine educational work students are led in well-known and tested 
paths to be able to do what their elders are doing. To push out into 
the unknown in the hope of solving some mystery of science or devel- 
oping some better artistic or literary style, or devising some new 
technical aid to good living; any of these requires a working mastery 
of the known related art, much exercise of the imaginative faculties, 
and a will to experiment with the unknown. Men like Galileo, Sir 
Francis Bacon, and Leibnitz deserve very great credit not only in 
their own special helds, but in general, for they did much to teach the 
art of research. The Greeks were mighty men but did not learn that 
actual experimentation to try out new ideas was a vital means of 
advancement. 

Modern scientific and technical researchers have long since ac- 
cepted as a guiding principle that, for the best results, work in the 
laboratory must proceed side by side with theoretical analysis. Analysis 
suggests possible tests, and tests yield results which lead to a sounder 
basis for thought or may open unexpected possibilities for advance in 
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a new way. Work of this type demands and develops the type of re- 
sourcefulness that makes progress possible, and educators are well 
agreed that the experience gained in carrying through a good piece 
of investigation has values in developing the mind along hopeful lines 
that cannot be attained in any other way. 

Since any attempt to answer hitherto unanswered questions may 
be classified as research, the field includes every phase of human in- 
terest and activity. Because complete knowledge of any subject seems 
unattainable, it is not surprising that research is in progress in every 
conceivable direction. Science and technology have shown greater 
progress, partly because the technique for scientific research has been 
better developed, but principally because results in regard to material 
things are much more definite than in the held of human relations. 
This enables the scientist to accept and use the results of others and 
go on to the next question. Research may be divided into two over- 
lapping types: one that includes the study of questions which are in- 
teresting but which do not show promise of immediate usefulness, the 
other the more ‘‘practical” type wherein problems pressing for solution 
are undertaken. Much of the latter type falls into the field of engin- 
eering research and frequently involves consideration of the financial 
matters always involved in any useful development. On this account 
there has been in recent years a remarkable increase in research 
largely of the industrial type, carried on by large manufacturing con- 
cerns. Most of their work relates to their own commercial product 
and results in improved processes or a better product for their firm, 
although some concerns are doing valuable research on broader prob- 
lems. In the leading colleges and universities today, research is an 
accepted part of their service to society as well as a valuable teaching 
method. Advanced students are past their most serious need for 
classroom instruction, and eipcperience has shown that their develop- 
ment is brought about very effectively by giving them a moderate 
amount of guidance while they undertake a research problem. From 
the nature of the case one cannot be sure of a useful result from every 
research venture. It is a gamble with the unknown in which a negative 
answer or no answer at all may be the result of a hopeful study. Even 
this result has value frequently in pointing toward some other means 
of attack or in showing what was wrong with the reasoning that led 
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to the study. Nearly every division of the State College of Washing- 
ton has some research under way. The well-financed work in matter.s 
related to agriculture in the land-grant colleges has justified itself in 
ample fashion both here and in the other schools. 

Other lines have had only minor support, yet have done much 
both to advance scholarship and to make major contributions in the 
way of new and useful information, new ways of doing things, and new 
products from natural resources. Much of this work is being done 
in the State Metallurgical Laboratory, which is now collaborating 
with the branch of the U. Ss. Bureau of Mines newly established here, 
and in the Engineering Experiment Station. Both of these divisions 
have as a part of their purpose the training of advanced students in 
research. The mining group have found a splendid opportunity for 
usefulness in developing methods ‘for concentrating, separating, and 
purifying the state deposits of copper, manganese, and magnesium. 
Notable results have been achieved, and a number of advanced stu- 
dents have been trained in research methods. 

In the Engineering Experiment Station over a twenty-year period, 
many projects have been examined and those most promising have 
been undertaken for solution. Over sixty bulletins have been printed 
describing the work and the results. Some of the more important 
contributions have included: Relative wear of auto tires on various 
types of road surface — a report which had world- wide influence 
and aided in the move toward paved highways; studies in the storage 
of apples were helpful to the apple industry; fatigue of welded steel 
was a valuable contribution to the knowledge of permissible loads for 
welded joints; relative lubricating value of different types of auto 
engine oil was studied by a new method with positive results and a 
major influence on this most important item in auto maintenance; a 
thorough study of electric heating of homes has established relations 
that will be of much use in the near future. Others include a study of 
methods of measuring the flow of water; characteristics of alloys of 
magnesium; domestic stokers; refrigeration and freezing units for the 
farm; etc. 

These have been of a very practical type. In the basic natural 
sciences and in mathematics the work is usually more fundamental; 
that is, it deals with the establishment of new or more accurate knowl- 
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ledge of certain physical phenomena or with the development of nev\ 
mathematical processes, all with no definite attempt to find an im- 
mediate application but rather to contribute to our scientific founda- 
tions and methods of analysis. In all of these activities faculty mem- 
bers and advanced students are both the initiators and the workers. 
The interest in, and ability to carry on research varies greatly among 
people of similar all-round ability. Some men are primarily teachers; 
others like to think of every unsolved question as a challenge. Both 
groups are useful, but it is in the research type that hope for progress 
lies. 
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The wprk of the State College of Washington if organised into three 
nuiin groups: Resident Instruction, Experiment Stations and Extension 
Services. 

THE RESIDENT INSTRUCTION DIVISION includes; 

The College of Agriculture (B.S. and M.S.^'Dhgreea) 

With divisions in Agricultural Economies,' Agricultural Engineering, 
Agricultural Journalism, Agronomy, Animal Hnsband^t Dairy Hus- 
' bandry, Farm Management, Flori^lture, Forestry and Range Manage* 
ment, Horticulture, Landscape Gardening, Plant Pathology, Poultry 
Husbandry, Soil Conservation. 

The College of Mechanic Arts and Engineering (B.S., M.S., C.E., E.E., 
and M.E. Degrees) 

With divisions in Agricultural Engineering, Architectural Engineering, 
Civil Engineering, Electrical Engineering, Highway Operation Engi* 
neering, Mathematics, Mechanical Engineering, Physics. 

The College of Sciences and Arts (B.A., B.S,, M.A., and M.S. Degrees) 
With divisions in Agricultural Chemistiy. Bacteriology and Public 
Health, Botany, Business Administration, Chemistry and Chemical En* 
gineering, Conservation of Vv^ild ‘Life and Game Management, Crimi- 
nology, Economics. English and Tournalism, Foreign Languages, General, 
History, Nurses' Training, Philosophy, Political Sdence, Predentistry, 
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With divisions in Agricultural Education, Education, Industrial Arts, 
Psychology. 

The School of Music and Fine Arts (B.A. and M.A. Degrees) 
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Degrees) 

The Short Sessions 
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